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1. Introduction

Figure 1.

(a) Optical image of the first point-contact transistor fabricated by John
Bardeen and Walter Brattain in 1947. (b) Schematic of a point-contact
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(a) Schematic of a npn bipolar junction transistor (BJT), with the main
components marked. (b) Optical image of a BJT real model sold in the
market with the three electrodes labelled.
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Moore’s law graph extracted from https://medium.com/stoned-
immaculate.
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(a) Schematic of a metal-oxide-semiconductor field-effect transistor
(MOSFET), with the main components marked. (b) Optical image of a
MOSFET real model sold in the market with the three electrodes
labelled.
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Atomic scheme of the main structure of a 2D material. In one plane, the
atoms are bonded by covalent forces while in the perpendicular direction
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Figure 6.

The silicon lattice can be strained by growing the material on substrates
with different lattice parameters. The silicon grown on materials with
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the interface plane for matching the lattice parameter of the substrate
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Figure 7.

(a) Flexible substrate with transferred flakes can be bent by stretching
the edges of the substrate. (b) Flexible substrate with transferred flakes
can be expanded by elongating the edges of the substrate. (c)
Piezoelectric substrate with transferred flake can be strained in two
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Flexible substrate can be expanded/stretched by modulating the
temperature, the flake transferred on the surface has lower thermal
coefficient, so the bigger expansion of the substrate produces strain in
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the flake. (e) The flexible substrate is expanded while the flake is being
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Band structure of 1L-MoS; when no strain is applied, 25% of uniaxial
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Image extracted from Conley’s experiments.® a) and c) show the
photoluminescence spectra of 1L-MoS; (a) and 2L-MoS; (c) under
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(red), in this case a 1L-MoS;, and the substrate (blue), which is PDMS.
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(a) Raman spectra of MoS; with 1L, 2L, 3L and 4L measured with a 532
nm excitation laser and vertically displaced 0.1. (b) Photoluminescence
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transmittance for different number of layers of MoS, with different
doping extracted from the gaussian fits of the histograms.
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(a)-(d) Histograms of 1-transmittance calculated in (a) 202 MoS; flakes,
(b) 200 MoSe; flakes, (c) 200 WS, flakes and (d) 200 WSe; flakes. (e)
Values of 1-transmittance for different number of layers of MoS;,
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Scheme of the different steps of the electron beam lithography. The
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Scheme of the different steps of the photolithography. The example
shows a SiO,/Si substrate in which Au is evaporated.
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(a) Optical image of a commercial shadow mask (Ossila E321) stuck on
a SiO,/Si substrate with few pieces of Kapton tape. (b) Optical image of
a SiO,/Si substrate with Au/Ti pre-patterned electrodes. In this case, this
sample is commercially available in Ossila (5221).
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(a) Optical image of a device contacted by wire bonding. The bonds in
the Au pads are indicated in the image. (b) Optical image of the same
sample contacted by wire bonding obtained at lower magnification in
order to appreciate the bonds in the Cu board.
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Scheme of the main steps of the wire bonding for all the cases.
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(a) Optical image of the Linkam probe station with the main components
indicated. (b) Optical image of the scanning photocurrent setup in which
the Linkam is embedded.
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(a) Optical image of the home-made probe station with two probes. The
different components are pointed in the image. (b) Zoomed image of the
sample stage in which the two probes can be appreciated while they are
contacting the sample.
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(a) Optical image of a home-made probe station to perform
measurements in vacuum. The different components are pointed in the
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image. (b) Image of the probe station when the isolated chamber is
opened. Here, the micromanipulators in which the probes are mounted,
and the sample stage can be observed.

Figure 9.

(a) Optical image of a home-made probe station to perform
measurements in vacuum. The different components are pointed in the
image. (b) Image of the probe station when the isolated chamber is
opened. Here, the magnetic probes are mounted, and the sample stage
can be observed.
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(a) Current versus bias voltage curves for a single-layer MoS; device
measured in air conditions (red) and a pressure of 2.8-10° mbar (blue).
The measurements are performed in dark conditions and no gate voltage
applied. (b) Gate traces measured in the same device at a bias voltage of
1 V in dark conditions. (c) Time traces recorded at an applied bias
voltage of 1 V and no gate voltage applied. The LED used has a
wavelength of 420 nm and a power density of 3 uW/cm?. The light was
turned on and off to observe the sample response.
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(a) Photocurrent spectra of the single-layer MoS; sample measured in
air (red) and vacuum (blue) conditions. Each point corresponds to the
photocurrent value calculated by subtracting the dark current to the
current in light conditions. The measurements are time traces like the
ones shown in Figure 12(c), measured with LEDs of different
wavelengths (420 nm, 470 nm, 530 nm, 565 nm, 595 nm, 660 nm, 740
nm) and power density of 3 pW/cm?. (b) Photocurrent dependency on
the light power density of the single-layer MoS, sample measured in air
(red) and vacuum (blue) conditions. Each point corresponds to the
photocurrent value calculated by subtracting the dark current to the
current in light conditions. The measurements are time traces like the
ones shown in Figure 12(c), measured with a LED with a wavelength of
420 nm at different power densities (0.1 pW/cm?, 3 pW/cm? 5.5
UW/cm?, 8.4 uW/cm?, 11.9 pW/cm?).
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Comparison between a human hair and a PAN carbon fiber (7 um of
diameter) in the zoom lens.

Figure 13.

(a) Metallic needle welded to a PCB piece. (b) The piece with the needle
is mounted in the deterministic transfer setup while a long carbon fiber
is attached to the glass with tape. The glass slide is attached to an XYZ
stage that allows the placement of the carbon fiber on the needle. This
process is inspected by the zoom lens. (c) The carbon fiber is in contact
with the metallic needle. (d) The carbon fiber is attached to the needle
with one drop of silver paint. (e) The silver paint is already dry, so the
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carbon fiber is contacted with the needle. (f) The long carbon fiber is cut
with a nail cuticle nipper.
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(a) Optical image of the two carbon fiber microprobes setup. (b) Detail
of the XYZ micro-stage used to move the probes. (¢) Optical image of
two carbon fiber tips contacting a MoS; flake on SiO2/Si.
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The resistance measured between silver drop contacts at different
distances in the carbon fiber.
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(a) Resistance measured in a TiSs nanoribbon at different distances
between the two carbon fiber probes. (b) Current versus voltage curves
recorded in order to measure the resistance at different distances in the
flake.
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Current measurement while the probe is contacting the Au substrate,
being the fluctuations due to the manual manipulation with the micro-
stage.
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(a) Hlustration of the MoS; flake transferred on Au substrate and the
electrical connections to measure with the carbon fiber. (b) Optical
image of the MoS; flake with different thicknesses on Au. Inset: Carbon
fiber contacting the bilayer area of the flake. (c) Current versus bias
voltage measured in the areas marked in (b). Inset: Resistance extracted
from the Vs at bias voltage of 1V, subtracting the fiber resistance.
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(a) Hlustration of the n-type MoS; flake transferred on p-type Si
substrate and the electrical connections set for the measurements. (b)
Optical image of the sample of MoS, transferred on Si. Inset:
Transmission image of the MoS; flake to facilitate the recognition. (c)
Current versus voltage curves for the p-n junction fabricated, measured
in dark conditions (black trace) and under illumination with white light
(blue).
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(a) Hlustration of the MoS; flake on SiO,/Si substrate and the electrical
connection to measure with two carbon fiber probes. (b) Optical image
of the MoS; flake on SiO2, being the marked area the trilayer measured.
Inset: MoS; trilayer contacted by two carbon fiber probes. (c) Current
versus bias voltage traces measured at different gate voltages applied,
ranging from -20 V to 20 V. Inset: Current extracted from the IVs at a
bias voltage of 1 V for each gate voltage.

Figure 21.

(a) Photocurrent versus bias voltage traces measured under illumination
with light wavelength of 455 nm at different power densities. Inset:
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Photocurrent extracted from the IVs at bias voltage of 10 V for each
light power density. (b) Response time measurements under
illumination with LED sources of 455 nm (dark blue), 505 nm (light
blue), 617 nm (yellow) and 660 nm (red) at fixed power density of 160
mW/cm? and bias voltage of 10 V. (c) Photocurrent spectrum extracted
from measurements at bias voltage of 10V and power density of 140
mW/cm?. The differential reflectance spectrum of MoS; flake is shown
in the same graph.
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(a) Current versus voltage curves measured in the out-of-plane direction
of a MoS; multilayer region transferred on Au substrate with one carbon
fiber probe. The graph shows the trace and the retrace for each
measurement. (b) Resistance calculated from the 1Vs measured in
regions with different thicknesses of the MoS; flake on Au substrate,
using the same configuration with one carbon fiber probe. The filled
circles correspond to the trace and the unfilled circles to the retrace.
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Time trace of the MoS; sample transferred on Au substrate and
measured in the out-of-plane direction with one carbon fiber probe. The
bias voltage is kept at 10 V and the illumination is modulated with a
square signal in a LED source of 505 nm with a power density of 160
mW/cm?.
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(a) Optical images with better resolution of the flake before and after
sweeping with a metallic wire. The last panel is the AFM image
acquired after sweeping with the metallic wire. (b) Optical images of a
carbon fiber sweeping a MoS, monolayer area. (c) Optical images with
better resolution of the flake before and after sweeping. The last panel
is the AFM image acquired after sweeping with the carbon fiber tip.
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Current versus bias voltage characteristics measured in flakes of (a)
multilayer graphene flake, (b) WS; flake, (c) TiS; flake and (d) black
phosphorus.

4. Strain tunable single-layer MoS; photodetector

Figure 1.

(a) Schematic representation of the single-layer MoS; photodetectors
configuration and the setup in which the measurements were performed.
There is a thermal stage underneath the device. The sample is
illuminated with a light spot from the top. (b) Optical transmission
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image of a single-layer MoS; photodetector. The substrate is
polycarbonate (PC) and the source and drain electrodes are made of
Au/Ti.

Figure 2.

Finite element calculation of a biaxial strain test sample consisting of a
100-um-thick substrate and single-layer MoS; (0.7 nm thickness) on the
substrate. The curve represents the maximum transferred strain in MoS;
as a function of substrate’s Young’s Modulus.
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(a) Differential reflectance spectra measured at 25 °C (dark blue), 60 °C
(light blue), 80 °C (yellow) and 100 °C (red). They are translated by 0.08
in the vertical axis. Inset: Calculated A exciton wavelength from the
spectra shown. (b) Optical transmission photo of the single-layer MoS;
device showing the different areas. (c)-(e) Exciton A energy maps,
calculated from the differential reflectance spectra in each point
measured at 25 °C (c), 60 °C (d) and 80 °C (e).

Figure 4.

(a) Optical transmission images of the PC substrate with patterned
pillars at -120 °C and 40 °C. (b) Zoom in the same area of the substrate
for both temperatures in order to distinguish the expansion of the
substrate thanks to the change in the distance between the pillars. (c)
Calibration of the PC strain dependency on the temperature.

Figure 5.

Xenon lamp power spectrum recorded after passing through the zoom
lens. The optical fiber used has a core of 400 um.

Figure 6.

Response time of a single-layer MoS; photodetector at 0% (blue),
0.22% (green), 0.35% (orange) and 0.48% (red) of applied strain.
Figure 7.

Responsivity spectrum of an unstrained single-layer MoS;
photodetector. Each dot corresponds to the value extracted from a
response time measurement recorded at a bias voltage of 10 V and
illuminated with a light power of 8 mW/cm?,

Figure 8.

(a) Responsivity spectra of a single-layer MoS; photodetector measured
at -0.80% (dark blue), -0.48% (light blue), -0.16% (green), 0.16%
(yellow) and 0.48% (red) of applied strain. Each dot corresponds to the
value extracted from a response time measurement recorded at a bias
voltage of 10 V and illuminated with a light power of 8 mW/cm?. The
spectra are multiplied by certain factors in order to facilitate the
comparison: -0.80% by 10, -0.48% by 10, -0.16% by 6 and 0.16% by
1.7. (b) Cut-off wavelengths calculated from the fits of the responsivity
spectra of three single-layer MoS; photodetectors measured at different
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strain ranges. Inset: Exciton A wavelengths of the same spectra
calculated from the fits.

Figure 9.

(a) Responsivity spectra of a single-layer MoS; photodetector fabricated
on PC measured at 25 °C (0% of strain) and 100 °C (0.48% of strain).
Each dot corresponds to a response time measurement at 10 V of bias
voltage and illuminated with a power density of 8 mw/cm? (b)
Responsivity spectra of a single-layer MoS; photodetector fabricated on
SiO,/Si measured at 25 °C and 100 °C (in this case there is no strain
applied). Each dot corresponds to a response time measurement at 10 V
of bias voltage and illuminated with a power density of 8 mW/cm?2,
Figure 10.

Schematic of the photogating mechanism. In the left, the n-type
semiconductor in dark conditions conduces the majority carriers
(electrons in this case) between the electrodes. In the right, the
illumination produces the separation between electrons and holes in the
material. The majority carriers (electrons) travel between electrodes
while part of the minority carriers (holes) are trapped in the defects or
impurities of the semiconductor material.

Figure 11.

(a) Optical reflection photo of a single-layer MoS, photodetector on PC
with the different areas marked. (b) Reflection map of the same
photodetector measured with a laser of 650 nm. (c) Current maps of the
same photodetector measured at 25 °C, 50 °C and 70 °C. The lines show
the same areas marked in the photo on (a) and the reflection map on (b).
Figure 12.

(a) Schematic of the band diagram for each case of applied voltage
between the electrodes. (b)-(d) Current linecuts in the single-layer MoS;
photodetector shown in Figure 8(a) measured with the same laser and
applying bias voltages from -50 mV to 50 mV (measurements changing
the bias voltage in 5 mV). Only few of the linecuts are shown for clarity.
The electrodes area is marked with a dark area in the graphs. These
linecuts were performed at 25 °C (a), 50 °C (b) and 70 °C (c). (e)-(q)
Current barrier measured in the left electrode at different applied bias
voltages. The grey line corresponds to the fit of the linear part of the
data (excluded the data points corresponding to the noise level). The fit
provides an estimation of the Schottky barrier height at each
temperature, given by the cut of the fit with the horizontal axis.

Figure 13.

(a) Response time to strain of a single-layer MoS; photodetector. The
OFF state corresponds to 0.16% of strain and ON state is 0.48% of
strain. The cycles are measured at bias voltage of 5 V and light
wavelength of 740 nm with a power density of 5 mW/cm?. (b) Zoom in
the third strain cycle of the measurements shown in (a) to allow the

XV



calculation of the rise and fall times, extracted with the 10%-90%
criterion.

Figure 14.

Responsivities of a single-layer MoS; photodetector measured at a bias
voltage of 10 V and illuminating with light wavelength of 740 nm and
a power density of 12 mW/cm?. The strain cycles shown are the cycle
5, 20, 30 and 40.
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Abstract

The world suffered an enormous revolution thanks to the emergence of the
electronics; nowadays, our lives are surrounded by electronic devices that make them
easier. Since the first fabrication of a transistor (the base the most common electronic
devices) in 1947, electronics is been improving its performance by adding more
elements to the electronic devices. In order to maintain the level of improvement, the
size of the components included in the electronic devices decreased, which have led
to difficulties during the last years. Researchers are looking for different strategies
to continue the enhancement of electronics, among which is the study of new
materials like 2D semiconductors. Likewise, another proposed idea is including
more tuning knobs in the components, which would increase the functionality of
each component. The different options for increasing the responses of the
components include the control of different properties (degrees of freedom) of the
device through control the valey or spin polarization or applying external
deformations leading to valleytronics, spintronics, straintronics respectively.

The main aim of this thesis is the development of a proof-of-concept straintronic
device, which would proof the viability of this technique to keep the electronic
progress. Thus, this device is fabricated with a new semiconductor, which allows us
to fabricate this type of device unlike silicon (Si). This new material is a 2D
semiconductor from the transition metal dichalcogenides (TMDCs) family, MoS..
Due to the special characteristics of 2D materials, the techniques used for studying
and manipulating them are different from the common methods used in 3D
semiconductor industry.

So, we introduce the optical techniques that allow us to characterize the optical
properties of these materials. Some of them, like Raman and photoluminescence
spectroscopies, are well spread in the material science world while some others are
used specifically in 2D materials. All the different optical methods used along the
thesis are presented in Chapter 2, where the details for studying the TMDCs family
are included.

The different steps and methods used for electrically contact and measure these

materials are explained in Chapter 3. Here, the steps of the different processes are
presented with the options available depending on the needs of the experiment.
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Moreover, one technique developed during the thesis which allows to minimize the
number of steps is explained in this Chapter.

In Chapter 4, we fabricate several MoS, simple photodetector devices which can be
strained. These photodetectors show an optoelectrical response to the strain, which
is the mayor goal of this thesis. Different experiments prove the reliability of this
new design for electronic components.

The results achieved in the last Chapter open a new path for researching this type of
devices. As mentioned, the new design will allow to have components with higher
functionalities and the use of 2D materials solve some of the issues lately found in
the electronics industry. Moreover, the 2D devices can be mixed with the current Si
technology, for improving the performance of the electronic devices. Thus, new
concept devices would keep the improvement race in the electronic world.
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Resumen

El mundo sufrié una gran revolucién cuando la electronica hizo su aparicion; hoy en
dia, nuestras vidas estan rodeadas de dispositivos electrénicos, los cuéles las hacen
méas faciles. Desde la fabricacion del primer transistor (la base de todos los
dispositivos electronicos) en 1947, la electronica ha continuado mejorando su
rendimiento mediante la agregacion de méas componentes en los dispositivos
electronicos. Para ser capaces de seguir con la optimizacion y aumento de
componentes, el tamafio de estos disminuyd, lo que ha venido provocando
dificultades durante los ultimos afios. Los investigadores estan buscando diferentes
estrategias para continuar con la mejora de los dispositivos electrénicos, entre los
cuales se encuentran el estudio de nuevos materiales como los semiconductores 2D.
Asimismo, otra idea propuesta para mejorar estos dispositivos es incluir mas
funcionalidades en los componentes, lo que aumentaré las respuestas de cada uno de
ellos. Las diferentes opciones que permitirian variar y aumentar el nimero de
respuestas de los componentes incluyen el control de diferentes propiedades del
dispositivo a través de la valetrénica, espintronica o deformatrénica.

El objetivo principal de esta tesis es el desarrollo de un ejemplo de dispositivo
deformatrénico, que demostrara la viabilidad de esta técnica para mantener el
progreso electrénico. Asi, este dispositivo se fabricard con un nuevo semiconductor,
el cual nos permite conseguir este tipo de dispositivo a diferencia del silicio (Si).
Este nuevo material es un semiconductor 2D de la familia de los dicalcogenuros de
metales de transicion (TMDCs), el MoS,. Debido a las caracteristicas especiales de
los materiales 2D, las técnicas utilizadas para estudiarlos y manipularlos son
diferentes de los métodos comUnmente utilizados en la industria de semiconductores
3D.

Por lo tanto, es necesario que presentemos las técnicas dpticas que nos permiten
caracterizar las propiedades Opticas de estos materiales. Algunas de ellas, como las
espectroscopias Raman y de fotoluminiscencia, son bien conocidas en el mundo de
la ciencia de los materiales, mientras que otras se usan especificamente en materiales
2D. Los diferentes métodos Opticos utilizados a lo largo de la tesis se presentan en
el Capitulo 2, donde se incluyen los detalles para el estudio de la familia de los
TMDCs.
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Del mismo modo, los diferentes pasos y métodos utilizados para el contacto eléctrico
y la medicion de estos materiales se explican en el Capitulo 3. Aqui, los pasos del
proceso de fabricacidén y medida se presentan con las diferentes opciones disponibles
para llevarlos a cabo dependiendo de las necesidades. Por Gltimo, en este capitulo se
explica una técnica desarrollada durante la tesis que permite minimizar el nimero de
pasos del proceso.

Toda esta informacion sobre las técnicas y métodos Opticos y eléctricos utilizados
durante el trabajo nos facilita la presentacion y compresion de los estudios realizados
en los dispositivos deformatrénicos de MoS;. En el Capitulo 4, fabricamos varios
dispositivos de geometria sencilla de MoS;, fotodetectores, que pueden ser
sometidos a deformaciones. Estos fotodetectores muestran diferencias en su
respuesta ante la deformacion, que es el objetivo principal de esta tesis. Diferentes
experimentos demuestran la fiabilidad y adecuacion de este nuevo disefio para su
inclusién como componentes electronicos.

Los resultados obtenidos en el ultimo capitulo abren un nuevo camino para investigar
este tipo de dispositivos. Como se menciond anteriormente, el nuevo disefio
permitird tener componentes con mayor funcionalidad y el uso de materiales 2D
resolvera algunos de los problemas encontrados recientemente en la industria
electronica. Ademas, los dispositivos 2D se pueden combinar con la tecnologia del
Si actual para mejorar el rendimiento de los dispositivos electronicos. Por lo tanto,
este nuevo concepto de dispositivo permitira mantener la carrera en el progreso de
la electronica.
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1.Introduction

1.1 Modern electronics

Nowadays, our world is surrounded by electronic devices which make our lives
easier. Starting from our phone to the fridge, everything works thanks to the
invention of the electronics. Modern electronics is based on a key component
discovered in 1947, the transistor.! The transistor is a component built with
semiconducting materials, which resulted in the development of the solid-state
electronics.

The schematics of the first point-contact transistor is shown in Figure 1(b), in which
the main component is a piece of Ge. The device has three electrodes connected to
the Ge: the emitter, the collector and the base. The emitter and the collector
electrodes contact the Ge just in one point, while the base electrode covers the Ge
block in one side for amplifying the current. An optical image of the real device is
shown in Figure 1(a).

(a) _ (b)

Plastic

—1
\
I~
\

Plastic

Emittter / Collector

Figure 1. (a) Photo of the first point-contact transistor fabricated by John Bardeen and Walter
Brattain in 1947. (b) Schematic of a point-contact transistor, with the main components
marked.
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Even though the first transistor was fabricated with Ge, the lack of reproducibility
due to technical difficulties with controlling the fabrication and doping processes
forced the quest of another material.?® The Si was the semiconductor which rapidly
substituted the Ge, thanks to the surface stability of Si due to the formation of the
native oxide layer. In the present, Si is still the most used material in electronic
components, proving its adequacy.

The transistor which was developed for commercialization was not the point-contact
transistor in the end, but the bipolar junction transistor (BJT), shown in Figure 2.
Thanks to this design, the transistor industry started to overcome some of the
problems shown by the vacuum tubes (the technology used in electronics before the
transistors) regarding power consumption and waste heat.>* However, bipolar
junction transistors still had integration issues for allowing the miniaturization of
circuits required by the customers (especially military demands).
(a) (b)

Collector Emitter Base ’
L j Collector / y 4
1 / // \

Emitter

Base

Figure 2. (a) Schematic of a npn bipolar junction transistor (BJT), with the main
components marked. (b) Photo of a BJT real model sold in the market with the three
electrodes labelled.

Among all the approaches investigated for improving the implementation of
transistors, the integrated circuit was the design solution which most of companies
started to research. Thus, the monolithic integrated circuit (1C) designed by Robert
Noyce in 1960 became the standard of the electronics industry.®#
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1.1.1 Electronics miniaturization

The Si based-electronics reached the maturity and stability in this point, requiring
from engineering improvements to keep evolving. Thus, Gordon Moore foretold the
electronics evolution by observing the evolution tendency, which result in the
postulation of the famous Moore’s law.> The prediction was that the number of
components of an IC would grow exponentially, which proved to be accurate as it
can be observed in Figure 3.
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Figure 3. Moore’s law graph extracted from https://medium.com/stoned-immaculate.

As it was predicted, the industry started a process of miniaturization of the
components in ICs in order to increase the benefits. This process required a change
in the type of transistors used in the I1Cs, which until that moment were the BJTs. So,
the industry developed a new transistor technology which allowed the necessary
improvements in the ICs performance. The new type of transistor was the metal-
oxide-semiconductor field-effect transistor (MOSFET), which scheme is shown in
Figure 4. Compare with the previous technology, MOSFETSs were slightly slower in
the beginning. Despite this inconvenient, they facilitated the miniaturization process
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which provoked an increase in the transistors circuit density, leading to a drop in the
fabrication cost.5

(a) (b)

Source Gate Drain

Source

Gate

Substrate Drain

Figure 4. (a) Schematic of a metal-oxide-semiconductor field-effect transistor (MOSFET),
with the main components marked. (b) Photo of a MOSFET real model sold in the market
with the three electrodes labelled.

The MOSFET paved the path to the main IC technology currently used, the
complementary-MOS (CMOS) integrated circuits. CMQOS are a highly energy-
efficient 1C based on MOSFET. Thus, the high efficiency of the CMOS allowed the
improvement of the power density of the IC thanks to the implementation of higher
number of components. Despite the emergence of this new technology led to an
increase in the cost of the facilities for manufacturing the electronic components, the
result was a continuous decrease in the transistor cost over the last 50 years.

However, the trend is slowing down lately due to the issues that have been arising
from the miniaturization of the transistors. The small gate lengths achieved by the
industry have coupled problems with the OFF state current and the ON/OFF ratio of
the components.”® These two issues can result in the overheating of the ICs, which
can even produce the burned down of the components. So, the engineers and
researchers are looking for alternatives to the miniaturization for continuing the
improvement in the performance of electronic devices.
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1.1.2 Beyond Moore’s law

The new advances in the field started from including other processes in the
implementation of transistors to the current CMOS technology. The first change
introduced was the used of strained Si,®° which allow higher mobilities, but the
underlying problem was the same and required from other strategies.

Until the moment, the CMOS were based on planar architectures which required
from miniaturizing the elements in order to introduce more of them for increasing
the power density. Another new approach consisted in reducing the space between
components, mounting them each time closer. Researchers knew that this process
was just a temporary solution because of the increase of parasitic resistance and
capacitance when the space between the components is reduced.0-1?

Another approach for solving this problem appeared, the scale length theory emerged
as a new tool for continuing the scaling down. The main claim is that the transistor’s
electrostatic integrity at certain length depends on the gate/channel geometry,
thicknesses and dielectric constant. So, a reduction in the gate length should be
followed by a decrease in the channel thickness.*'* The necessity of thin channels
triggered the research of new semiconducting materials in which the transport
properties do not degrade with the reduction of thickness like in the Si.

The 2D semiconductors arose as a good option for substituting the Si when the
thickness reduction provoked a degradation in the electrical properties of the
channel.’>8 In 2D semiconductors, the characteristic structural composition allows
them to keep their transport properties down to the monolayer. Thus, 2D materials
have a general structure in which there is a plane form by atoms linked by strong
forces (covalent bonds) and the planes are linked between them by van der Waals
interactions. So, it is possible to separate the different planes of the material until
reaching the limit of one plane or a monolayer of that material. Moreover, the layers
or planes maintain the electrical properties because of the integrity of the main bones
of the structure remain invariable.’
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Atom Covalent

van der Waals—:!

s

Figure 5. Atomic scheme of the main structure of a 2D material. In one plane, the atoms
are bonded by covalent forces while in the perpendicular direction there are van der Waals
interactions between the atoms.

Along with the study of new materials, other strategies are considered to improve
the efficiency in order to increase the power of the electronic devices. As we
mentioned before, the first step for overcoming the issues with the CMOS scaling
down was the used of strained Si, so studying the change of the strained 2D
semiconductors properties was an obvious path to follow for the research.'®® We
discuss about this topic in the next section, how the strain engineering allows us to
obtain different electronic behaviours in the semiconductors.?

Apart of the study of new materials and properties, the community is considering
another strategy for solving the issues of the current CMOS technology, the
implementation of more than one functionality per component. Current transistors
use the field effect as the only tuning knob for creating different responses to the
electric field, obtaining two possible states (ON and OFF). If the components have
more than one tuning knob, the number of states in that component increases. So,
the functionality of each component is higher, allowing a bigger number of responses
and degrees of freedom. In the case of 2D semiconductors, there are several
properties that can act as a knob, creating new research fields like valleytronics?'-2
or spintronics.?*2* Here, we focus in the use of strain in 2D semiconductors, not only
for changing the characteristics of the channel, but also for introducing it as an
external tuning knob.
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1.2 Strain engineering of semiconducting materials

In the previous section, we commented that one of the strategies followed for the
successful continuation of the scaling down of the CMOS was the introduction of
strained Si in the MOSFETS. The strain engineering allows one induce changes in
the optoelectronic behaviour of a material by distorting its structure.®

Apart of the Si, strain engineering is been used in several semiconducting materials
in order to modify their characteristics for the different requirements of the
technological advances. However, strain engineering is applied in very different
ways depending on the material. So, we divide this section in two parts for explaining
the different approaches for 3D semiconductors, like the Si, and 2D semiconductors.

1.2.1 Strain engineering in 3D semiconductors

The strain engineering started as a demand for improving the mobility of the Si in
order to overcome some of the issues found during the scaling down of the CMOS.
The introduction of strain in the Si lattice produces a huge increase of the Si transport
mobility, %252 even bigger than other high- mobility 111V semiconductors. There
are two main types of strain that can be introduced in the Si lattices, tensile or
compressive. Each type leads to an increment in the holes or electrons mobilities,
allowing us to adjust the electronic behaviour to the needs of the devices.?’

Both possibilities of strain can be usually achieved by using the same method,
controlled growth of the material. The technique consists in the epitaxial growth of
Si on a substrate, which is usually another Si based material, with a lattice mismatch
with the pristine Si lattice.?® In the case of tensile strain, SiGe substrate is usually
employed for obtaining an increase in the electron mobility. The increment of holes
mobility is accomplished by using SiC as a substrate for the growing process, which
introduces a compressive strain to the Si lattice.

This is one of the methods commonly used for introducing strain in the lattices of
3D semiconductors. The changes introduced in the interatomic distances of the
materials result in a modification of their physical properties. The strain allows us to
engineer the band structure of the semiconductors, adjusting the bandgap energy of
the material. Thus, biaxial strain has similar effects in Ge and Si carrier mobilities
while uniaxial compression provokes changes in Ge mobility along a bigger strain
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range.? Another example of the different changes that can introduce the strain
engineering in materials is the increase in the mobility of GaAs under biaxial strain,
while the uniaxial strain produces increase, saturation and decrease of the carrier
mobility.?® These methods usually achieve a strain level of 1.5% in Si and similar
low strain levels in other semiconductors. Above these levels, the 3D semiconductors
cannot hold the strain because it produces cracks in the areas with defects or dangling
bonds.

Silicon lattice

™ Strained Silicon ~

Unstrained lattice

Expansion Compression

Smaller lattice
Bigger lattice

Figure 6. The silicon lattice can be strained by growing the material on substrates with
different lattice parameters. The silicon grown on materials with bigger or smaller lattices,
adjusts the distance between the Si atoms in the interface plane for matching the lattice
parameter of the substrate while maintaining the same stacked distance of the unstrained
silicon.

1.2.2 Strain engineering in 2D semiconductors

In 2D semiconductors, the strain can be introduced in the materials with a big variety

of techniques, besides of the previous one, thanks to the characteristic mechanical

properties of these materials. Unlike 3D semiconductors, 2D semiconductors have a

small number of defects, which allow them to hold higher values of strain without

breaking. Thus, the fracture point in brittle materials depends on the intrinsic strength
8
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of the atomic bonds and not on the presence of defects. So, the predicted value for
the ideal breaking point is around 1/9 of the Young’s modulus.*® In 2D materials, the
real breaking value is very close to the ideal predicted value thanks to their structural
characteristics.

1.2.2.1 Techniques for introducing strain

Thanks to the flexibility of 2D semiconductors, there are more techniques for
applying strain than the one used for 3D semiconductors. Here, we explain the main
five methods used for strain engineering: bending of flexible substrates, elongating
an elastic substrate, piezoelectric stretching, substrate thermal expansion and
controlled wrinkling.182

The first technique described here is commonly used for achieving uniaxial tensile
strain in 2D materials. Thus, the 2D semiconductor is deposited in a flexible substrate
that can be easily bent. When the flexible substrate with the 2D semiconductor is
bent, the surface of the substrate is stretched like in Figure 7(a), transferring that
stretch to the 2D semiconductor. The strain is transferred from the substrate to the
material due to the van der Waals interactions established between substrate and the
2D semiconductor. Moreover, the slippage of the material while stretching the
substrate is avoided by the van der Waals forces.

A similar method which allows to apply the strain homogeneously is the elongation
of the flexible substrate. As mentioned in the previous technique, the 2D
semiconductor is deposited on the flexible substrate for stretching it as shown in
Figure 7(b). However, the substrate is elongated instead of bent, which produces a
homogeneous tensile strain in the 2D semiconductor. Again, the strain is transferred
thanks to the van der Waals interactions between the interface of the substrate and
the 2D semiconductor.

The piezoelectric stretching is carried out by transferring the 2D semiconductor on
a piezoelectric substrate. The piezoelectricity of the substrate allows us to produce
mechanical deformations in the substrate by applying an electric field as shown in
Figure 7(c). So, these mechanical changes in the substrate are transduced to the 2D
semiconductor thanks to the same mechanism previously explained. This method
can be used for producing different types of strain, depending on the substrate
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characteristics and the voltage applied. For example, homogeneous compressive

strain was achieved using this technique.

(a)

—_—= » W i &
(b)

- < * e
(c) (d)

Qfiake << Usypstrate

(e)

Figure 7. (a) Flexible substrate with transferred flakes can be bent by stretching the edges
of the substrate. (b) Flexible substrate with transferred flakes can be expanded by
elongating the edges of the substrate. (c) Piezoelectric substrate with transferred flake can
be strained in two different directions (one of them will be stretched and the other one will
be expanded) by applying a voltage difference as in the image. (d) Flexible substrate can
be expanded/stretched by modulating the temperature, the flake transferred on the surface
has lower thermal coefficient, so the bigger expansion of the substrate produces strain in
the flake. (e) The flexible substrate is expanded while the flake is being transferred so once
the strain is release from the substrate, wrinkles appear in the surface of the flake with

certain amplitude and periodicity.
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Another different technique used for strain engineering 2D materials is the
exploitation of the thermal expansion mismatch between the substrate and the 2D
material. For performing strain, the substrate where the 2D semiconductor is
transferred must have a bigger thermal coefficient than the 2D semiconductor. So,
the strain is achieved by heating up/cooling down the substrate, which produces an
expansion/contraction of the substrate. On the other hand, the 2D semiconductor is
not stretched due to the negative thermal coefficient. These two facts provoke a
tensile/compressive biaxial strain in the 2D semiconductor as shown in Figure 7(d).
This technique will be used along this thesis for performing the main experiments
described in Chapter 4.

The last method discussed in this section is the controlled wrinkling of 2D
semiconductors, which allows the production of strongly localized anisotropic strain.
In this method, we bend or elongate a flexible substrate similarly to the techniques
described in the beginning of the section. Once the substrate is stretched, the 2D
semiconductor is deposited on it. Then, we release the strain from the substrate,
producing a compressive strain in the 2D semiconductor. This compression produces
ripples or wrinkles (depending on the initial strain of the substrate) in the 2D material
thanks to the phenomena of the buckling-induced rippling or wrinkling. So, we have
areas of the 2D semiconductor with different values of strain. A scheme of the
process is shown in Figure 7(e).

1.2.2.2 Modulation of physical properties

The introduction of strain in the lattice of a 2D material produces changes in the
structural arrangement of the material, causing differences in the interatomic
distances regarding the natural ones. The first consequence is a modification of the
band structure and the bandgap of the material in the strained region.? On the other
hand, the behaviour of different 2D materials under the application of mechanical
strain differs from each other, appearing different properties depending on the
material.

11
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Figure 8. Band structure of 1L-MoS, when no strain is applied, 25% of uniaxial strain is
applied and 21% of biaxial strain is applied. The graphs are extracted from the work of
Miao et al.®t

The modification of the band structure can easily yield to a modification of the
electrical characteristics of the 2D material. One example is the piezo resistive effect
that appears in MoS; and black phosphorus.323 So, the conductance of the material
can be easily tuned by the application of strain. In the case of MoS;, in-plane strain
increases the electrical conductivity while in the black phosphorus (anisotropic
material) the strain allows to choose the preferred conductance direction.

Strain can also trigger different magnetic properties in 2D materials or enhance the
already existent magnetic characteristics. MoS, magnetization can be modified with
the application of strain, increasing in the case of 1T structure and appearing in the
case of 2H structure.3* ReSe; is another 2D material which magnetic properties are
modify in the presence of strain. Under wrinkle formation, this material magnetic
moment increases, showing a stable magnetic state.*®* On the other hand,
pseudomagnetic characteristics appear in graphene upon strain, showing a pseudo
quantum Hall effect.%

Another important change operated in 2D materials under strain is the modification
of the optical properties, which are directly related with the band structure of the
materials. One of the best examples of the transformation of the optical
characteristics occurs in the transition metal dichalcogenides. It will be better
explained in the next chapter, but these materials Raman modes and
photoluminescence signals shift in energy when strain is applied to the samples.®’
Some good examples can be observed in the different experiments of Conley et al.,
Castellanos et al. or Frisenda et al. among other authors.®®2 Figure 9 illustrates an
example of optical changes in MoS,. Here, we show the results of the Conley’s
photoluminescence experiments, in which the application of strain produces a shift
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in the excitonic energies of the material.*® Likewise, Frisenda’s work will have a
high impact in the development of this thesis (as will be mentioned in the next
Section).* In this work, the author shows how the strain affects the optical properties

of the most common four TMDCs (MoS;, MoSe;, WS, and WSey).
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Figure 9. Image extracted from Conley’s experiments.® a) and c) show the
photoluminescence spectra of 1L-MoS; (a) and 2L-MoS; (c) under different levels of
strain applied. b) and d) illustrate the energies of the excitonic peaks for each level of
strain, in which the shift of the peaks can be observed.

On the other hand, the optical signals of 2D materials can also be enhance by using
the funnel effect, in which the anisotropic strain produces an increment in the
photogenerated excitons in the most strained area.*® This funnel effect is also present
in inverse form in black phosphorus, in which the photogenerated excitons decrease

in the most strained area.*

The thermal conductivity of 2D materials is also dependent on the strain level of the
material. An interesting case is the graphene and graphite thermal conductivities,
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which behaviour differs from the monolayer to the multilayer. The tensile strain
decreases the thermal conductivity in monolayer graphene and increases it in
multilayer graphene and graphite.*® In defect-free MoS,, strain (tensile and
compressive strain) always produces a reduction in the thermal conductivity, being
stronger the effect for tensile strain.*®

Finally, strain can tune the catalytic properties of the 2D materials or the interactions
in van der Waals stacks of 2D materials. For example, the photocatalytic
characteristics are modified by strain due to the bandgap tuning produced in the
materials.*” Another example is the changes in the interlayer distance of two
graphene layers stacked under compressive strain, which yields to an increase of the
optical transition energy.*® The interaction changes can be introduced even inside the
material, producing phase transitions by applying strain to the material. One example
is the transition from a direct bandgap semiconductor to indirect bandgap
semiconductor of MoS; under the application of >1% strain and the semiconductor
to metal transition in the presence of 10%-15% of strain.4>%

1.3 Straintronics in 2D materials

As we explained in the previous section, there are several techniques that allow us
to apply strain in 2D semiconductors, unlike in 3D semiconductors. Moreover, these
techniques are in majority reversible, which means that we can apply and release
strain as demand. Consequently, we can tune the physical properties of 2D
semiconductors in a reversible way. As it was previously demonstrated by Frisenda
et al., the time scale for the modification of the optical characteristics in 2D materials
is in the order of seconds.*® So, the modification of the band structure and the
consequences of the application of strain take place in a short period of time in the
material.

The importance of the reversibility of the changes and the time scale in which they
take place lies on the possibility of implementing strain in operative devices. The
main idea of straintronics is being able to use strain as another external tuning knob
in a device in order to increase the functionality of each device. Thus, this use of the
devices will allow to augment the different functionalities of the CMOS technology.

Until now, it has been proposed different concepts of devices in which using
straintronics. One example is the use of strain for inducing a pseudomagnetic field
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in graphene devices.®® Another concept device would use TMDCs with phase
transitions propitiated by the application of strain. In this case, the phase of the 2D
material (semiconductor-semimetal or direct-indirect bandgap for example) would
be the property tuned by strain. There are already some examples in literature, in
which different applications take advantage of the tunability that the strain in 2D
materials offers. For example, several strain experiments in piezoelectric and
piezoresistive devices are reviewed by Li. et al.>? Likewise, some optical devices, as
light emitting devices®® or quantum emitters,> have shown their tunability under
different strain conditions.

The major aim of this thesis is to develop a proof of concept device which can be
operated by strain. Strain engineering has proven to be a powerful tool for tuning the
properties of different 2D semiconductors, so strain can be used in devices made of
2D materials for changing the outcome of the device. The design of the device will
be simple in order to better illustrate how it works and will use a well-studied 2D
semiconductor. Thus, we use the work of Frisenda et al. as starting point for
developing this thesis.

The response of the photodetector depends on the absorption spectrum of the
semiconductor channel. In our case, we will use MoS; as semiconductor channel,
which absorbance can be tuned by using strain. So, this device can easily lead to a
straintronic application. For applying strain to the 2D semiconductors, Frisenda uses
the thermal mismatch between a polymeric substrate and the 2D semiconductors. So,
this method can be easily implemented in our photodetector. This proof of concept
device will show the possibilities of straintronics for improving the already existing
devices and implementing new concept devices.

1.4 This thesis

As explained in the previous section, the main goal of this thesis is to fabricate a
proof-of-concept straintronic device. In order to reach this result, different optical
and optoelectronic techniques have been studied or developed along this thesis.
Some of the methods are well-known in the materials and/or electronics research,
but their use in 2D semiconductors is not commonly studied.

The main optical techniques used along this thesis are explained in Chapter 2. Here,
we introduce the use of Raman and photoluminescence spectroscopies for studying
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the main optical properties of 2D materials. After these techniques, we explain two
characteristic methods for measuring optical properties in 2D materials. One of them
is the micro-reflectance/transmittance spectroscopy, which was developed in our
laboratory for obtaining absorbance information of 2D materials in the visible light
spectrum. The other technique allows us to establish the thickness of the material by
calibrating the optical transmission.

The Chapter 3 is devoted to the review of the techniques and methods used for
making electrical contacts to 2D materials. The process for performing electrical
measurements usually requires of three steps: fabrication of electrodes, 2D material
transfer and contacting of electrodes. There are several ways of performing these
steps that are described in the Chapter, including a new technique developed during
this thesis.

Finally, the Chapter 4 of the thesis gathers the information about all the experiments
performed in order to achieve a straintronic device. Thus, the fabrication of the
devices is explained, together with the optical measurements to test the changes in
the optical performance of the devices. Likewise, the optoelectrical response of the
devices is tested in different type of experiments to show their behaviour under
strain. So, proof-of-concept straintronic devices are successfully developed in this
thesis, proving their feasibility for a new generation of electronic components.
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2. Isolation and optical characterization
of 2D materials

2.1 Introduction

The 2D materials has become a very broad and interesting research field thanks to
the presence of intriguing physical phenomena that appear because of the low
dimensionality of the materials.*® The different optical techniques allow us to
identify different 2D materials and determine the number of layers in a fast manner
with a non-destructive approach. Most of the physic involved in 2D materials has
consequences in the optical properties of these materials, making the optical
characterization a key tool for disentangling the new information.®° The optical
techniques used in 2D materials allow to analyse the optical characteristics of the
material without the damage of the samples.

The first techniques exposed are not exclusive from 2D materials research, the
Raman and photoluminescence spectroscopies have been used in material science,
chemistry and even biology for obtaining structural information about the
compounds.'®3 In the case of 2D materials, the changes due to the doping or the
strain produce prominent modifications in the structure, which can be observed in
the Raman and photoluminescence spectroscopies.'*

After these two techniques, we introduce a method for obtaining the transmittance
and differential reflectance spectra of 2D materials.'® These measurements offer
complementary spectral data about the materials, especially those with non-active
Raman modes or photoluminescence features in the spectrum. Moreover, the
differential reflectance and transmittance are related with the absorbance of the
material, allowing us to obtain the absorbance spectral information.

Finally, we explain a simple optical method to extract the transmittance in different
ranges of the spectrum of 2D materials.'” The technique can be used for estimating
the thickness of the samples before the transfer process, giving us control over the
sample choice. We also calibrate the transmittance obtained by applying this method
as a function of the number of layers for the TMDCs.
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2.2 Isolation of 2D materials

In order to study the physical properties of 2D materials, we use a technique that
allow us to isolate thin flakes of these materials. This technique is the mechanical
exfoliation, which is introduced in this section.

On the other hand, the flakes need to be transfer to any type of substrate for
performing different type of measurements. Here, we also explain the main
techniques used for transferring 2D materials on the desired substrate.

2.2.1 Mechanical exfoliation

Novoselov and Geim isolated graphene for the first time by using the mechanical
exfoliation or Scotch-tape method in 2004. Since then, the mechanical exfoliation
spread among the 2D research community as a simple method for obtaining high
quality samples.

The mechanical exfoliation of a 2D material requires from certain adhesive tape
(Nitto tape SPV24 in our case) which allows us to extract pieces of crystal from the
bulk material. The obtention of crystals from a bulk material is possible thanks to
the weakness of the van der Waals forces between layers, which results in the easy
delamination of 2D materials. In order to get thin crystals, we can use another piece
of tape for re-exfoliating the adhesive tape with material.

Once the thickness of the material on the adhesive tape is appropriate, we re-exfoliate
the tape with a piece of Gel-Film® (from Gel-Pak). Gel-Film® is made of
polydimethylsiloxane (PDMS), which is a viscoelastic material that interacts with
the 2D material by van der Waals forces. This last step is very useful for the all-dry
deterministic transfer process, in which the lack of adhesive glue and the
transparency of the Gel-Film® facilitate the transfer of the 2D material to a substrate.

2.2.2 Transfer of 2D materials on substrates

In order to study the optical properties (and the electrical properties later), it is
usually necessary to transfer the exfoliated 2D material to another substrate. There
are usually two main methods depending on the importance of the transfer location.
In the case of a random flake transferred on a substrate with no special location, the
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random transfer can be used. However, the deterministic transfer has to be applied
for placing a chosen flake on a determined location.

2.2.2.1 Random transfer

The process of random transfer is quite simple and easy to follow. First, the bulk
material is peeled off with a piece of adhesive tape (as explained in the previous
section), so the exfoliated flakes need to be transfer from the tape to the chosen
substrate. Thus, the piece of tape with flakes is adhered to the substrate surface and
then it is raised very slowly in order to transfer the material. The flakes interact with
the surface through van der Waals forces, remaining in the substrate when the tape
is carefully picked up.

2.2.2.2 Deterministic transfer

This technique is usually followed by the fabrication of devices with 2D materials
on pre-patterned electrodes (the methods for pre-patterning electrodes are explained
in Chapter 3). In this case, the transfer process requires a technique that allows the
accurate alignment of the flakes with the metallic electrodes. There are different
deterministic transfer methods (PMMA carrying layer method, Elvacite® sacrificial
layer, wedging transfer method, van der Waals pick-up transfer methods and PDMS
deterministic transfer method),® being the technique used along this thesis based on
a dry deterministic process with PDMS stamps.*°

Figure 1 shows the deterministic transfer setup used in this thesis. The main parts of
the setup are a zoom lens (Edmund Optics 89-862, 89-877, 89-878, 89-888, 89-903),
which has a long working distance, and two micromanipulators, a XY stage (Optics
Focus Solutions MAXY-B60L-13) with a rotation stage (Thorlabs MSRP01/M) for
the substrate and a XYZ micro-stage (Optics Focus Solutions MAXY-60L) for
handling the PDMS stamp. The zoom lens has a camera attached which is connected
to a TV in order to monitor the transfer process. Moreover, the lens is mounted on a
focussing stage, allowing us to change the focal distance. This setup allows us to
determiniscally transfer the flakes previously exfoliated on PDMS (as previously
explained) to any substrate with the process shown in Figure 2.
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Figure 1. (a) Optical photo of the deterministic transfer setup. The main components of the system
are indicated in the image. (b) Detail image of the manipulators of the setup while transferring a
flake between Au electrodes.

Power source icromanipulators

First, we stick the substrate to the XY micro-stage, positioning it under the zoom
lens. Then, the PDMS stamp with the flakes is attached to a glass slide with a piece
of tape. The glass slide is placed in the XYZ micromanipulator, with the PDMS
stamp positioned with the flakes facing towards the substrate. The transparency of
the PDMS stamp allows us to observe the flake and the pre-patterned electrodes by
changing the focus, enabling the alignment of the flake with respect to the electrodes.
Once the flake is aligned with the electrodes as shown in Figure 2 Step 4, we slowly
lower the PDMS stamp towards the substrate. Figure 2 Step 6 shows when the flake
is in the same plane of the electrodes but the PDMS is still not adhered to the surface.
We clearly see when the PDMS is stuck to the surface because the colours of the
substrate and the flake change, as shown in Figure 2 Step 7. The next step requires
to manipulate the XYZ micro-stage carefully to gently rise the PDMS stamp. We
can easily monitor the peeling off process because it appears a meniscus (or front) at
the interface between the region where the PDMS is still in contact with the substrate
and that where the PDMS has been already peeled off as indicated in Figure 2 Step
8. When the meniscus is close to the flake, we decrease the speed of the peeling off
process by controlling the Z micro-screw. The speed of the flake peeling off should
be very low in order to leave the flake in the chosen position while detaching the
PDMS. The transferred flake is shown in Figure 2 Step 12, in which we observe the
accurate positioning of the flake between the electrodes.
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Figure 2. Optical images of the different steps of the deterministic transfer of a MoS: flake between
Au electrodes.

2.3 Raman and photoluminescence spectroscopies

2.3.1 The technique

The Raman spectroscopy is an optical technique used in material science and
chemistry to study the vibrational modes of molecules and crystals in solid or liquid
form.% Moreover, it is usually used to provide information about the material
structure, allowing us to identify the molecules and configurations. The main
mechanism involved that allow us to study the optical properties of the material is
the inelastic scattering of photons in the sample (Raman scattering). So, it is
necessary to use a monochromatic light source to irradiate the sample in order to
measure the inelastically scattered light. Thus, part of the light reflected by the
sample shifts the energy after the interaction with the material. In the case of a shift
to lower energies, the scattering is called Stokes while the scattering to higher
energies is called anti-Stokes. So, both inelastic scattering processes together are the
Raman scattering of the material. So, the Raman scattering occurs in the material
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when there is a transition between two vibrational states of the molecules in which
the electric dipole polarizability suffers a change.

On the other hand, the photoluminescence is a luminescence process in which the
material irradiates light after exciting it with light of certain wavelength.?! In the case
of the most studied 2D materials, the luminescence is produced by the
photoexcitation of electrons to a higher energy level. So, the same light source used
for Raman spectroscopy might be suitable for performing photoluminescence
measurements.

The typical Raman setup uses a laser to illuminate the sample with monochromatic
light. After collecting the reflected light by the sample, the beam crosses a filter for
eliminating the wavelength corresponding to the laser (Rayleigh scattering). Then,
the inelastically scattered light (Raman scattering) is sent to the spectrometer for
analysing the spectrum. Figure 3 shows the Raman setup used along this thesis,
which incorporates a laser with a wavelength of 532 nm. The setup software allows
us to select the integration time of the spectrometer and the intensity of the light
beam (by applying different filters). We can also observe the sample and the light
spot in order to focus the spot in the material surface to obtain accurate spectral
information about the material.

(a) (b)

White light

Gralmg\

Wavenumber range/

Laser
—Filters

Spectrum
Exposure time

5 va
Polarizer

¥ Spectrometer

Sample stage

Figure 3. (a) Optical image of the Raman/photoluminescence setup, in which the main components
of the system are highlighted. (b) Image of the software used for controlling the equipment during
the measurements. The parameters shown are the main adjustable characteristics of the spectra
recording.

2.3.2 Raman and photoluminescence in 2D materials

These techniques are a very important tool in the 2D material research field. The
Raman spectrum provides information about the structure of the 2D material, from
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which we can extract other data. Thus, the spectral signal allows us to deduce e
material characteristics like the strain in the material, the doping or the quality of the
material.

For example, the Raman spectroscopy helped to the development of the research in
graphene, the first 2D material isolated and the most studied.’* Graphene has two
main Raman features, the G (~1580 cm™) and the 2D (~2670 cm™) modes; although
another one can appear, the D (~1350 cm™) peak, as shown in Figure 4. The G peak
comes from in-plane vibrations in the sp? atoms, so the doping (both, electrons and
holes) produces a blueshift in the peak energy. Moreover, the strain also affects the
energy of the G peak as well as the 2D peak. The 2D mode shows information about
the stacking in the graphite, which is the reason why it changes with the strain.
Finally, the D peak goes from no intensity for defect-free graphene to a continuously
growing intensity for an increasing number of defects. Thus, the amount of defects
in the samples is quantized by calculating the Ip/lc.}4??

The Raman modes are very useful in most of the 2D materials because the energies
of the different modes usually depend on the thickness of the material. A good
example in which this phenomenon appears is the black phosphorus. The black
phosphorus Raman modes are the Al; (out-of-plane vibrations), By (in-plane
vibrations along the zigzag) and A% (in-plane vibrations along the armchair), as it
can be observed in the Figure 4.2 The energies for the 1L black phosphorus or
phosphorene are ~362.5 cm™, ~439.5 cm™ and ~467.5 cm™, respectively; but their
energies redshift for increasing number of layers until reaching ~359.5 cm™, ~435
cm? and ~462.5 cm™ for the bulk material .42

In the case of TMDCs, the Raman modes also provide information about the
thickness of the materials.?"?® These materials are optically interesting because, apart
from presenting several Raman modes, they show prominent photoluminescence
peaks.®? The excitonic resonances presented in TMDCs are the responsible of the
photoluminescence in these materials.**3! Figure 4 shows the Raman modes and the
photoluminescence of 1L MoSe,, one of the 2D materials from the TMDC family.
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Figure 4. Raman spectra and optical images of the laser spot focused on the surface of (a) a black
phosphorus flake, (b) a 1L-MoSe: flake and (c) a multilayer graphene flake.
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2.3.3 MoS; Raman and photoluminescence dependency on the thickness

In this section, we focus on Raman and photoluminescence measurements of MoS,
but this information can be extended to other TMDCs like the MoSe, shown in
Figure 4. MoS; presents two main Raman modes, E';4 (opposite vibrations of two S
atoms with respect to the Mo atom) and Aig (out-of-plane vibrations of S atoms in
opposite directions), and two photoluminescence peaks, corresponding to A and B
excitonic resonances (these excitons appear due to interband recombination of
electrons and holes at the K point of the Brillouin zone). As shown in Figure 5, the
1L MoS; Raman modes have energies of ~384.5 cm™ for the E',q and ~403 cm™* for
the A phonons. However, the energies of the peaks change when increasing the
number of layers, affecting the distance between the phonons energies as well.3? This
fact is easily observable in Figure 5, where the spectra are misplaced by 0.1 to
facilitate the inspection.
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Figure 5. (a) Raman spectra of MoS2 with 1L, 2L, 3L and 4L measured with a 532 nm excitation
laser and vertically displaced 0.1. (b) Photoluminescence of MoSz with 1L, 2L, 3L and 4L measured
with a 532 nm excitation.

Likewise, the A and B excitons energies and intensities are influenced by the
thickness of the MoS; sample. So, the 1L MoS; energies for the excitons are 670 nm
and 630 nm respectively, while the energies of the excitons decrease for increasing
number of layers.3® In the case of the excitonic resonances, the energies are not the
only parameter affected by the number of layers, the intensity is highly dependent
on the thickness too (see explanation below). Figure 5 shows the photoluminescence
of MoS; samples with different thicknesses. Here, we can see a dramatic change in
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the intensity of the peaks for 1L and the rest of the number of layers shown. When
the bulk material is studied, it does not show signs of photoluminescence in
comparison with the prominent photoluminescence of 1L MoS;. The reason behind
this difference is the transition from a direct bandgap semiconductor, in the case of
1L MoS;, to an indirect bandgap semiconductor, for the MoS; with more than 1L.3

2.4 Microreflectance and transmittance spectroscopy

2.4.1 Introduction

As we previously mentioned, optical measurements are characterization techniques
which allow us to collect a lot of information from the 2D materials without
damaging them. The Raman spectroscopy and photoluminescence provide a fast way
of obtaining the optical properties from the materials and determining the number of
layers in the sample, as explained in the previous section. Nevertheless, the setup
required for performing these studies is difficult to maintain, to operate and it is
costly.

There are others complementary optical techniques which do not present these
disadvantages. We are referring to the differential reflectance and transmittance
spectroscopies, which also extract information of the optical characteristics along a
wide range of energies of materials with non-active Raman modes or excitonic
resonances.’® The differential reflectance is intimately related to the absorbance of
the material, so we can extract the absorbance spectrum from this measurement. The
same setup used for these measurements can be used for extracting the transmittance
spectrum, with a direct relation with the absorbance. Likewise, we can measure the
optical contrast spectrum from the sample with respect to certain substrate.

In this section, we describe the setup used for performing the spectroscopic
characterizations of 2D materials. The technique is explained using the TMDC
family as example, providing a deeper information about the optical properties of
these materials.

2.4.2 The system: components and how to set it up

The setup used for acquiring the micro-reflectance and transmittance spectra in 2D
materials is shown in Figure 6(a). As it can be observed, the main part of the setup
is a modified microscope (Motic BA310Met-T metallurgical microscope). The
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modification introduced in the microscope to allow the spectroscopic measurements
is situated in the trinocular, which image is shown in more detail in Figure 6(b). The
light from the trinocular is divided in two different paths by connecting a 50:50 beam
splitter for allowing to inspect through a camera and measure at the same time. The
camera (AMScope MU1803) attached to the beam splitter receives half of the light
intensity coming from the trinocular, while the other half of the intensity goes to the
other connection of the beam splitter. In order to collect optical images from the
samples, the camera is placed in the image plane of the optical system when the
sample is focussed in the eyepieces for the 50x objective.
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Optical
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Figure 6. (a) Optical image of the micro-reflectance and transmittance setup with the main
components marked. (b) Zoom in the modified trinocular of the setup pointing the components.

On the other connector of the beam splitter, we attached an optical fiber for collecting
the light coming from the sample. The fiber is also connected to a CCD spectrometer
(Thorlabs CCS200/M) in order to analyse the light spectrum recorded by the optical
fiber. The fiber allows us to collect light from a small area of the image plane. In
order to identify that area, we disconnect the fiber connector attached to the
spectrometer and we connect it to a white fiber-coupled LED (Thorlabs MWWHF1).
Once we turn on the illumination, a light spot (corresponding to the projection of the
fiber core on the sample) can be observed through the camera, as shown in Figure
7(a). We focus the spot to ensure that both fiber core and camera are at the same
image plane by adjusting the optical path with a focus stage. Thus, we determine the
spot position and area, allowing us to mark it in the camera software for knowing the
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collection area. In our setup, we use an optical fiber with a diameter of 105 pm,
which corresponds to a collection spot size of 1 um of diameter. The diameter size
changes depending on the magnification of the objective used, being in our case a
50x objective. Moreover, we can easily modify this parameter by changing the core
of the optical fiber used for collecting the light. The different sizes of the fiber cores
result in a change of the light that our spectrometer is receiving.
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Figure 7. (a) Optical images of the illuminated spot from where the spectrometer is collecting the
light. The first image the spot is focused in the image plane and the second one the spot is out of
focus. (b) Spectrum of the microscope light in transmission mode at maximum intensity with an
acquisition time of 4 s and averaging 5 spectra. (c) Spectrum of the microscope light in reflection
mode at maximum intensity with an acquisition time of 4 s and averaging 5 spectra.

There are two different light sources (one for transmission mode and another one for
reflection mode) in the system for measuring the samples spectra, both are white
halogen lamps (halogen lamps incorporated in the Motic BA310Met-T microscope).
The spectrum of this light source is centred in the usual wavelength range of study,
providing us enough spectral information from 1.4 eV to 3 eV. Figure 7(b) shows
the light spectra in transmission and reflection mode acquired with an integration
time of 4 s and averaging 5 spectra, which allow us to observe the illumination
spectral range.

2.4.3 Measuring micro-reflectance and transmittance spectra

Our setup is designed for measuring the transmittance and the differential reflectance
or optical contrast spectra of 2D materials. In the case of transmittance, the sample
is illuminated from the bottom with the transmission mode halogen lamp
incorporated in the microscope. The light passes through the sample, which absorbs
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part of it, and goes straight to the 50x microscope objective (situated in the Motic
BA310Met-T microscope). Then, the light is collected by the fiber placed in the
trinocular and send to the spectrometer. In order to obtain the transmittance
spectrum, we need to acquire the spectrum in the sample and in the substrate. This
proceed is necessary to calculate the transmission of the sample, which is directly
related to the absorption of the sample, by:

Ssam le
T = —Sampie

Ssubstrate

where T is the transmittance, Ssample iS the spectrum recorded in the sample and
Sabstrate 1S the spectrum measured in the substrate. Figure 8(a) shows the
transmittance measurements performed in a 1L-MoS; sample. This measurement is
very useful in the case of transparent substrates because of the direct relation between
transmittance and absorbance.

On the other hand, a lot of samples are placed in non-transparent substrates, which
require reflection mode measurements. The reflection mode light is used in this case
to illuminate the sample from the top. By closing the field aperture of the microscope,
we can reduce the stray light collected through the objective. This light goes to the
fiber and it is sent to the spectrometer. This parameter is a differential quantity like
the transmittance, so we require to measure the spectrum in the substrate and in the
sample again. In this case, the relation between the reflectance and the absorption of
the material is:3%%

S, -5 4n
R = sample substrate = — 0.’(/1)
Ssample ng—1

where R is the differential reflectance, Ssample is the spectrum recorded in the sample
and Ssubstrate 1S the spectrum measured in the substrate. The measurements on 1L-
MoS; sample are shown in Figure 8(b). The optical contrast of the sample can be
calculated as well from these measurements. The only difference is the formula used
to calculate it:

Ssample - Ssubstrate

ocC =
Ssample + Ssubstrate
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where OC is the optical contrast, Ssampie IS @gain the spectrum recorded in the sample
and Ssustrate the spectrum measured in the substrate.
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Figure 8. (a) Spectra in transmission mode of the light going through the sample (red), in this case
a 1L-MoSz, and the substrate (blue), which is PDMS. These data allow us to calculate the
transmittance of the sample, resulting the black spectrum. (b) Spectra in reflection mode of the light
going towards the sample (red), in this case a 1L-MoSz, and the substrate (blue), which is PDMS.
These data allow us to calculate the differential reflectance of the sample, resulting the black
spectrum.

2.4.4 TMDCs differential reflectance and transmittance spectra

These techniques allow us to extract spectral information about the optical properties
of 2D materials with a measurement easy to perform. In fact, they allow us to observe
excitonic resonances in materials like TMDCs.***! Figure 9 shows the transmittance
spectra of the four most common TMDCs (MoS., MoSe,, WS, and WSe,). All the
spectra present very characteristic peaks that are highlighted in the image, these are
the different excitonic resonances from the TMDCs. These excitonic resonances
arise due to the presence of spontaneous recombination of electrons and holes in the
K point of the Brillouin zone of these materials. It is a very striking fact that the
excitons are visible at room temperature, which is an important property of these
materials. The excitons energies in 2D TMDCs are usually used as a tool for
determining the number of layers of these materials. These energies change with the
number of layers, providing an accurate method to establish the material thickness.
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Figure 9. Transmittance spectra from 1L (dark blue) to 4L (red) measured in (a) MoSz, (b) MoSe,
(c) WSz and (d) WSez samples on PDMS substrate.

The excitonic resonances also appear in the differential reflectance spectra, as shown
in Figure 10. So, we can easily obtain the number of layers in a TMDC with a fast
measurement. Likewise, these two techniques allow us to obtain optical information,
independently on the carrying substrate.
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Figure 10. Differential reflectance spectra from 1L (dark blue) to 4L (red) measured in (a) MoSz,
(b) MoSez, (c) WSz and (d) WSe2 samples on PDMS substrate.

2.5 Optical transmission acquired from optical images
2.5.1 Introduction

This section describes a new optical technique developed for determining the number
of layers of a 2D material by quantitatively studying their optical transmittance
extracted from optical images. Moreover, this characterization can be done by
analysing optical microscope images with programs like Gwyddion or ImageJ.**3¢
The transmittance is monotonically dependent on the number of layers in most
semiconducting 2D materials, which gives us the opportunity of extracting this
information from an optical image of the sample. Once the number of layers is
calibrated with the transmittance, we can use this analysis to select the flakes before
transferring them to an opaque substrate. There are other methods for extracting the
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number of layers by using the optical contrast, but they usually require transferring
the flakes to the final substrate. Our technique allows the identification of the desire
flake when it is still in the PDMS used during mechanical exfoliation. Thus, we have
complete control over the sample choice without needing to choose after the transfer
process (in the next section, we will study the importance of this possibility).

2.5.2 Optical transmission

In order to obtain the optical transmission of a flake, we need an optical microscopy
image of this flake acquired in transmission mode. Figure 11(a) shows an image of
a MoS; flake, which is mechanically exfoliated on a PDMS stamp. The PDMS is a
substrate with the advantage of being a transparent, which allows us to obtain
transmission mode images.
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Figure 11. (a) Optical image acquired in transmission mode of a MoS: flake with areas of different
thicknesses. (b) Profiles of the transmittance in the red, green and blue channels along the line plotted
in (a).

The digital images are composed by three different channels, red, green and blue
(RGB), which provide the different colours to the image. Figure 11(b) shows the
transmittance values in each channel obtained along the profile displayed in Figure
11(a). In order to calculate the transmittance in each area of the sample, the formula
used is:

Ssam le
T =P

Ssubstrate
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where T is the transmittance, Ssampie IS the value of the channel (RGB) intensity in
that area and Ssupstrate 1S the value of the channel (RGB) intensity in the substrate (in
our case, it is the PDMS). The steps in the transmittance of all the channels, which
correspond with the different thicknesses of the sample, can be easily distinguished.
So, the transmission in the image correlates with the number of layers of the sample.

In order to use this method for thickness determination in 2D materials, it is
necessary to know its accuracy. For this reason, we studied the optical images of 202
MoS; flakes with this technique. The information obtained provided us data to
calculate the transmittance from images, obtaining enough statistics about the
variations in the transmittance values and the uncertainty in the measurements.
Figure 12 shows the histograms of 1-transmittance in each channel (RGB) calculated
in all the flakes. It can be easily observed that the transmittance presents well-defined
peaks, which correspond to different thicknesses of the material. These peaks are
better distinguished in the blue channel due to the bigger separation between them.
Moreover, the width of the peaks in the blue channel is the same as for the peaks in
the rest of the channels, providing a higher contrast between 1, 2, 3 and 4 layers of
MoS;. The reason of this higher contrast is the presence of the exciton C in the blue
part of the spectrum in MoS;, as well as MoSe,, WS, and WSe,.*"# So, we focus on
the blue channel transmittance for determining the thickness, which is easier thanks
to the strong absorption changes in that wavelength range.
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Figure 12. Histograms of 1-transmittance calculated in 202 MoS; flakes for the red, green and blue
channels.
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2.5.3 Comparison with the previous optical methods

Along this chapter, we studied other optical techniques which allow us to obtain the
number of layers in MoS; and other TMDCs. So, the optical transmittance method
is evaluated by contrasting the data obtained with this technique and the information
extracted from other spectroscopic techniques. From all the MoS:; flakes used in the
previous section, four of them with different thicknesses (from 1L to 4L) were
chosen to perform Raman, photoluminescence and differential reflectance
measurements, providing three independent methods to verify the information. The
flakes are labelled as 1L, 2L, 3L and 4L depending on the thickness calculated from
the optical images.

Figure 13(a) shows the Raman signal (vertically displaced 0.1 for facilitating the
inspection) for the flakes measured with a 532 nm excitation laser. The Raman
spectra of the flakes show the Aiq and E;q phonons corresponding to MoS,. As it
was mentioned in previous section, the energies of the phonons in M0S,%* change
with the number of layers, allowing us to check the thickness determined by the blue
channel optical transmittance.

The photoluminescence was also measured in the same flakes using a 532 nm
excitation laser. In this case, we can assigned the number of layers in MoS; flakes
thanks to the strong dependency on the intensity and position of exciton A with the
thickness.**** The thickness of the flakes determined by the blue channel optical
transmittance is again confirmed by another measurement.

Finally, the number of layers in the samples was tested by micro-reflectance
spectroscopy. Figure 13(c) shows the spectra recorded in the four MoS; flakes,
ranging from 1L to 4L. Here, the exciton A energy position is the parameter which
allow us to determine the number of layers in the flakes.® This technique confirms
the assignment of layers performed by the blue channel transmission method.

The different optical methods validate the correct determination of the number of
layers in the MoS; flakes, allowing us to assign the thickness for the 202 MoS; flakes
shown in the previous section. In Figure 13(d), the blue channel histogram is
displayed again within the scatter plot of all the data. As we observe, the flakes are
classified by the number of layers in the scatter plot, showing a clear dependency on
the transmittance value.
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Figure 13. (a) Raman spectra of MoS2 with 1L, 2L, 3L and 4L measured with a 532 nm excitation
laser and vertically displaced 0.1. (b) Photoluminescence of MoSz with 1L, 2L, 3L and 4L measured
with a 532 nm excitation. (c) Differential reflectance spectra of MoS: with 1L, 2L, 3L and 4L. (d)
Scatter plot of the transmittance of the 202 MoS: flake in the blue channel together with the histogram
shown in Figure 13.
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2.5.4 Robustness of the technique
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Figure 14. (a)-(d) Histograms of 1-transmittance calculated in 50 MoS: flakes doped with (a) Co,
(b) Ni, (c) Fe and (d) Nb. (e) Values of 1-transmittance for different number of layers of MoS2 with
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The samples used in the previous test come from the same bulk material, a
molybdenite mineral from Moly Hill mine, Quebec. In order to ensure that the
previous results do not change from sample to sample, we measure MoS, with
different doping levels. The MoS, new bulk materials were synthesized with
substitutional metal atoms in the Mo sites. Thus, we can check if chemical changes
(that usually have a big impact in the electronic characteristics*>#%) affect or not our
thickness determination method. The synthesis was performed following the
technique described in References 4244, The chosen dopant metals for the MoS; are
Fe, Ni, Nb and Co. In order to achieve a doping level of 0.3% to 0.4%, it is necessary
to introduce a 0.5% of the metal inside the ampoule used for the synthesis.

Once the new bulk MoS; are ready, we exfoliated 50 flakes of each doped sample
with PDMS for extracting the optical transmittance in the blue channel. In Figure 14,
we can observe the histograms obtained for each doped material, which show similar
peaks to the ones in the blue channel of Figure 12. The values extracted with the
method do not depend on the exact chemical composition of the MoS;, being the
determination of the number of layers independent on the doping level of the sample.
Furthermore, this insensitivity to the chemical composition of the sample is a great
advantage compare with the previous spectroscopic methods like Raman and
photoluminescence. These two last techniques are very susceptible to any changes
in the doping of the sample or other chemical variations.*°

2.5.5 Study in other materials

The method of determining the number of layers of MoS, by measuring the optical
transmittance can be easily extended to other 2D materials, starting with the most
common TMDCs. In Figure 15, we show the histograms extracted from the analysis
of 202 MoS; flakes, 200 MoSe, flakes, 200 WS, flakes and 200 WSe, flakes. As it
was previously mentioned, these TMDCs present a big change in the transmittance
of the blue channel due to the presence of the exciton C. We can observe that the
blue channel transmission in all the materials presents several peaks which
correspond to different thicknesses. As in the MoS; case, the method allows us to
assign the number of layers of the sample by extracting the blue channel
transmittance from the optical images.
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Figure 15. (a)-(d) Histograms of 1-transmittance calculated in (a) 202 MoS: flakes, (b) 200 MoSe2
flakes, (c) 200 WS flakes and (d) 200 WSe: flakes. (e) Values of 1-transmittance for different
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On the other hand, the channel selected for observing the transmittance depends on
the absorbance spectrum of the material. The TMDC family studied here exhibits in
the blue part of the spectrum the exciton C, facilitating the peaks resolution in the
blue channel. Thus, each material needs to use the channel in which the change in
the absorbance depends more on the number of layers.

2.6 Conclusions

In this chapter, we presented the main optical techniques used along this thesis for
studying 2D materials. First, the Raman and photoluminescence spectroscopies were
explained, showing the setup and the possibilities of the technique. The information
provided by Raman and photoluminescence measurements are useful for the
structural and chemical composition studies, as well as allowing us to accurately
obtain the thickness of the material. These measurements are very sensitive to strain
or doping changes in the materials, but the Raman and photoluminescence requires
of active modes, excitonic resonances or other energetic transitions in order to show
valuable information.

For samples without these characteristics, the differential reflectance and
transmittance can show the optical behaviour of a 2D material in a wide range of
wavelengths. Both are related to the absorbance of the material, allowing us to
extract the absorbance spectrum from these measurements. Likewise, it can be used
as a tool for calculating the thickness of the material in cases like TMDCs. On the
other hand, the absorbance of a 2D material suffer changes under strain application,
so these methods provide information about the modification of the optical properties
of the material under strain.

Finally, the last section explained the fastest and easiest method to obtain the
thickness of 2D materials. The extraction of the samples optical transmittance by
using optical images is a technique which is available in any laboratory since the
only requirement is having a microscope with a camera. The transmittance can be
calibrated with other complementary techniques (Raman, photoluminescence,
differential reflectance, transmittance) in order to obtain the relation between the
transmittance and the number of layers of certain material. We extracted this
dependency in the case of TMDCs, which will be helpful for producing the
straintronic devices.
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3. Electrical contacts on 2D flakes

3.1 Introduction

In the previous chapter, we focussed in the main techniques used for optical
characterization of 2D materials. Although these methods are very important for the
experiments of this thesis, it is even more crucial to establish electrical contacts with
the flakes in order to perform optoelectronic characterization of 2D materials. There
are different processes that are necessary for contacting the flakes.

First, we comment about the different techniques available for the patterning of
metallic electrodes, which allow us to electrically contact the flakes. Finally, the
main methods to connect the patterned metallic micro-electrodes with a source-meter
unit for measuring the devices are discussed. The last technique explained is a
method developed along this thesis in order to avoid the electrodes patterning by
directly probing the flakes. The experiments explained in the next chapter require of
all these steps prior the measurements.

3.2 Electrodes patterning

There are different techniques that allow us to pattern electrodes for providing
electrical contact to 2D materials. Despite most of these techniques were not used
during this thesis (the only techniques used are the shadow mask patterning and the
maskless photolithography with the SmartPrint system), we provide an overview in
this Chapter of all the methods for offering a better understanding of the different
possibilities of each technique.

3.2.1 Lithography techniques
3.2.1.1 Electron beam lithography

One of the most commonly used methods for fabricating electrodes on a flake of a
2D material is the electron beam lithography (e-beam lithography).t* This technique
allows us to pattern electrodes on a chosen flake which is already transferred in a
substrate. Figure 1 shows the main steps of e-beam lithography:®#
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Step 1: Prior to the process, it is necessary to clean the substrate due to the
sensitivity of this technique to external contaminations. The cleaning also
facilitates the homogeneity of the resist coating that will be produce in the
next step. Usually plasma cleaning is used to remove most of the dirt on the
surface of the substrate. In the absence of equipment for plasma cleaning,
the substrate can be cleaned with acetone, isopropanol and distilled water (in
this order) while applying ultrasonication.

Step 2: The resist used for coating the substrate surface is a solution of an
organic polymer. So, the liquid solution of resist is dropped on the substrate,
which is placed in a spin-coater. The substrate with the liquid spins in order
to create a homogeneous thin film coating of resist on the surface. During
this process, the solvent of the resist solution evaporates creating a solid film
on the substrate. The coated substrate is baked to ensure the complete
evaporation of the resist.

Step 3: There are two types of resists which behave differently during the
exposure step: positive and negative. The positive resist is insoluble in a
solvent called developer, but it becomes soluble under light exposure. On
the other hand, the negative resist is soluble in developer, turning insoluble
under light exposure. So, an e-beam draws in the resist the chosen pattern in
order to remove it from the parts that will be metallized later.

Step 4: The exposed substrate is introduced in the developer solution, which
dissolves the soluble resist areas. In this way, the substrate has resist with
open areas forming the desire pattern.

Step 5: Once the surface has a resist pattern with opened areas, the substrate
is introduced in a metal evaporator. Here, the metal is evaporated inside a
chamber in order to adhere the metal atoms to the exposed substrate surface.
The most common metal used are Ti, Cr, Au and Pt; requiring some of them
a previous metal evaporation of another metal in order to stick to the
substrate.

Step 6: Finally, the remaining resist with a layer of metal on top is removed
by a lift off process. The substrate is introduced in a bath of acetone, usually
at warm temperature (~50 °C), during ~30 min to eliminate the resist and
residues. Then, the resulting substrate has a metallic pattern on the surface.
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Step 1: Cleaning Step 2: Resist coat Step 3: Exposure
I e-beam
Resist
Step 4: Developing Step 5: Metal Step 6: Lift-off

evaporation
Au
SN

Figure 1. Scheme of the different steps of the electron beam lithography. The example shows a
SiO2/Si substrate in which Au is evaporated.

In the case of 2D materials, this process is usually performed at least two times:
patterning of markers and pads and patterning of electrodes. It is usually needed to
pattern a matrix of markers before the electrodes patterning to provide an alignment
system for fabricating the electrodes onto the flake. So, the whole process is the
previous patterning of markers and pads with lithography, for proceeding later to the
random transfer of 2D flakes from an adhesive tape to the substrate with pre-
patterned markers and the last step would be the patterning of electrodes connecting
the flake with the pads. This process becomes even more complicated for vertical
heterostructures in which it would be necessary more lithographic steps.

The main advantage of this technique is the possibility of contacting with metallic
electrodes the flakes that are already transferred in a substrate. However, the method
is time consuming, requiring several steps in which the sample can be damaged, or
part of the process can go bad.

3.2.1.2 Conventional photolithography

Another technique used for patterning electrodes is the photolithography.** Unlike
e-beam lithography, the electrodes fabricated by this technique are patterned prior
the flake transfer. So, there is no need of pre-patterning markers or pads for aligning
the electrodes. Figure 2 shows the different steps followed, which are the same than
the e-beam lithography. We can find the main difference between both methods in
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the exposure step. As shown in Figure 2, a Cr/glass mask is used to cover the resist
while illuminating the sample with UV light. Thus, the mask has a pattern created in
the Cr layer which is put in contact with the resist to expose the chosen areas. This
process requires different masks for each pattern, so different masks have to be
fabricated in order to create more type of devices.

Step 1: Cleaning Step 2: Resist coat Step 3: Exposure
- UV lamp

Mask [ — Glass
Cr

Step 4: Developing Step 5: Metal Step 6: Lift-off
evaporation

Figure 2. Scheme of the different steps of the photolithography. The example shows a SiO2/Si
substrate in which Au is evaporated.

3.2.1.3 Maskless-photolithography: Smart print

The Smart Print is a photolithography system designed by Smartforce Technologies
for working on substrate patterning without the need of a physical mask. It follows
the same procedure previously shown in Figure 2, but the exposure step is done with
a light pattern instead of using a physical mask for creating the light pattern. This
pattern is produced by the digital draw on an imaging software of the pattern, which
is sent to the Smart Print’s beam head. The light beam passes through an LCD matrix
in which the digital pattern is present, allowing to cross the light only in the chosen
areas. Then, the light is focused in the resist to expose the different parts of the
substrate producing the designed pattern. This technique achieves a resolution of 0.7
pum, which is two orders of magnitude bigger than the resolution of the previous
methods.
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3.2.2 Shadow mask
The metallic electrodes used during this thesis are manufactured by utilizing this

technique. Most of the electrodes used were fabricated by another person of the
group, only some of the electrodes were produced by me.

When the geometry of the desired metal electrodes is rather simple, a direct

evaporation through a shadow mask (or micro-stencil) is a good alternative technique
for patterning electrodes.>®

(b)

N

Si0,/Si substrate

-HaE e e
BE B8 B

-+aE e

Au/Ti electrodes

Figure 3. (a) Optical image of a commercial shadow mask (Ossila E321) stuck on a SiO2/Si substrate
with few pieces of Kapton tape. (b) Optical image of a SiO2/Si substrate with Au/Ti pre-patterned
electrodes. In this case, this sample is commercially available in Ossila (S221).

The shadow masks used for this technique can be fabricated with certain designed
pattern or bought with pre-design patterns in different companies (the shadow mask
shown in Figure 3a was bought in Ossila). The process starts similarly to the
lithography, the substrate is first cleaned with the same cleaning method explained
in the previous section. Once the substrate is clean, the shadow mask is attached to
the substrate with Kapton tape, trying to reduce the space between the substrate and
the mask like shown in Figure 3(a). Then, the substrate is introduced in the metal
evaporator, in which the evaporated metal will adhere to the exposed substrate areas.
The last step is the detachment of the shadow mask from the patterned substrate as
shown in Figure 3(b). This process has only few easy steps, so the possibilities of
failure are lower than in the case of the e-beam lithography. The main issue is the
difficulty in the alignment of the shadow mask with certain flake. So, this technique
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can be used for the creation of pre-patterned electrodes, but not for the evaporation
of metal electrodes on transferred flakes.

3.2.3 Comparison

There are several differences between all the methods previously described, so the
chosen technique for patterning the electrodes depends on the needed characteristics.
The e-beam lithography is a technique which allows us to design any type of pattern
in the resist with a resolution under the 500 nm. Moreover, it is the easiest method
for electrodes patterning on top of a transferred flake. Nevertheless, the numerous
steps of this technique make it time-consuming and there are high possibilities of
spoiling the sample.

On the other hand, the photolithography is a shorter process which produce patterns
with a resolution of ~1 um. This method is usually used for fabricating arrays of
electrodes with the same features. So, the major drawback of this method is the need
of masks for creating the patterns, bounding the possible number designs.

The Smart Print joins the design flexibility of the e-beam lithography with the short
process of the photolithography. The digital masks allow the fabrication of very
different patterns, creating samples in just few steps. However, this technique has a
low resolution of 2 um and it cannot be used for patterning transferred flakes.

Finally, the metal evaporation through shadow masks is the fastest process to obtain
electrodes. Nonetheless, shadow masks provide limited options for patterning
electrodes and it is still not possible to pattern electrodes on transferred flakes.
Likewise, the metal patterning can be bad due to the presence of spaces between the
mask and the substrate or the damaging of the mask (very fragile).

3.3 Electrical contact with the pad electrodes

Once the flakes are contacted by electrodes, we can used different methods to
connect them in order to perform electrical measurements. Here, we provide an
overview of the most common techniques, that are the wire bonding and the use of
probe stations. However, the only technique used along this thesis was the electrical
contact of the pad electrodes by different probe stations. As explain during the
Section, there are different probe stations designs depending on the needs of the
experiment. Each sub-section will explained the different choices that we have
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available in the laboratory, the characteristics and the person responsible of the
development of each setup.

3.3.1 Wire bonding

The wire bonding is a technique in which the metallic electrodes are connected with
a piece of metal by a small wire.” The piece of metal is usually a copper board, which
can be easily contacted by soldering cables to the surface. The small wires used for
making the bonds are attached to both copper surface and the electrode allowing us
to measure the optoelectronic properties of the samples. The bonds between the wire
and the metal parts are fabricated with a combination of force, temperature and
ultrasonic power. There are different types of bonding depending on the parameters
used: thermocompression bonding, ultrasonic bonding and thermosonic bonding.
(a) (b)
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Figure 4. (a) Optical image of a device contacted by wire bonding. The bonds in the Au pads are
indicated in the image. (b) Optical image of the same sample contacted by wire bonding obtained at
lower magnification in order to appreciate the bonds in the Cu board.

The thermocompression bonding technique creates the bond with a combination of
high bonding force from the metallic tip (which also handles the metallic wire) and
temperatures above 300 °C. The fabrication of bonds requires of a long formation
time, which can produce a damage in the surface of the metal pads. On the other
hand, we have the ultrasonic bonding method, in which the bonds are made at room
temperature by applying ultrasonic power with the tip. The bonding force and the
time for bonds fabrication are low, diminishing the possible damage of the pads.
Finally, the thermosonic bonding technique requires of temperatures from 120 °C to
220 °C while using ultrasonic power. The bonds formation time is short, and the
force is low, being the damage opportunities similar to the previous case.
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Figure 5 shows a scheme of the main process followed by all the wire bonding
techniques. First, the wire (usually an Au or Al wire) is placed in the bonder tip by
threading the wire in the tip. Then, the tip is aligned with the Au pad of the electrode
and lower down. At this point, each technique uses a different method to create the
bond, as we already explained. Once the first bond is made, the tip with the wire is
retracted to allow its placement on the copper board surface. Here, the second metal
bond is fabricated by the chosen technique. Finally, the tip cut the metal wire to
finish the process. The result is a contacted sample in which different electrical
measurements can be performed.

Step 1: Step 2: Step 3: Step 4: Step 5:
Alignment First bonding Retraction Second bonding Cutting the wire
Au wire o
Bonder', 0
tip v Cu pad
Si0, Au pad —

Figure 5. Scheme of the main steps of the wire bonding for all the cases.

3.3.2 Probe station

Electrical measurements in 2D materials are commonly carry out in probe stations,
in which the sample electrodes are contacted by different kind of probes. These
probes are connected to source-meters or multi-meters in order to perform
optoelectronic characterizations of the devices. The number of probes in the probe
station varies depending on the measurements performed in the equipment, being the
most common configuration in this thesis two or three probes.

Here, we provide an overview of different commercial and home-made setups used
along this thesis for performing the measurements, explaining the main components.
We also show some of the possible characterizations that can be performed in one of
our probe stations of a single-layer MoS; device on SiO»/Si substrate. Some of these
measurements will be useful for the experiment explained in the next chapter.

3.3.2.1 Commercial and home-made probe stations

Along this thesis, different probe stations have been operated depending on the
requirements and the availability. First, we present the main commercial setup used
for measuring, a Linkam probe station mounted by Riccardo Frisenda, which is
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shown in Figure 6(a). As we can observe, there is a platform where the sample is
deposited to contact it with the probes pointed in Figure 6(a). Moreover, these probes
have magnets in the bottom part to attach them to the setup while making possible
to place them in the desire position. The mentioned platform has a thermocouple
connected in the base in order to control the temperature, as well as an internal heater.
Furthermore, the chamber can be locked in order to pump the air inside while
introducing liquid nitrogen in the system. The liquid nitrogen in combination with
the heater allows us to set the temperature of the sample from 77 K to 650 K during
the measurements.

This probe station allows us to perform simple measurements like bias voltage versus
current characteristics or current dependency on the gate voltage, besides more
complicated characterizations in combination with other components. Figure 6(b)
shows an example of the implementation of a Linkam probe station in a scanning
photocurrent setup. Apart of the probe station, the system includes an optical
microscope with modified trinocular and binoculars, a motorized XY stage, the
source-meter and two different lasers. Thus, the whole system is designed to map the
current generated in certain area of the sample when a small spot of light is
illuminating it. On the other hand, some adjustments in the design would allow to
use the setup as a scanning micro-reflectance setup, providing another different
application to this system. So, this commercial probe station is a versatile way to
implement electrical measurements on 2D materials.

(b)
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Camera
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Figure 6. (a) Optical image of the Linkam probe station with the main components indicated. (b)
Optical image of the scanning photocurrent setup in which the Linkam is embedded.

Commercial probe stations are a convenient tool for performing electronic
characterization, but this is not an affordable option for all the laboratories. In this
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case, a home-made probe station is a solution to minimize the price of the setup and
include the needed characteristics. The first example of a home-made probe station
used during this thesis is shown in Figure 7(a). Here, the probe station is designed
by Andrés Castellanos Gomez and Riccardo Frisenda to measure the current
dependency on the bias voltage, with the possibility of measuring under light
conditions. When we introduce another manipulator with a probe and a cheap source,
it is also possible to apply different gate voltages.

(a)

Camera

Zoom
lens

Light
Manipulators

Probes \

Sample stage

Shutter

3 _ Sample &
ANl | e
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Figure 7. (a) Optical image of the home-made probe station with two probes. The different
components are pointed in the image. (b) Zoomed image of the sample stage in which the two probes
can be appreciated while they are contacting the sample.

In Figure 7(a), the crucial components of the probe station are pointed. There are two
XYZ micro-stages where the probes are mounted. The probes are attached to home-
made pieces to introduce angle to the tips in order to facilitate the observation of the
tip landing on the sample electrodes. The sample is placed in a XY micro-stage with
an added rotator as shown in Figure 7(b). Likewise, a zoom lens with a camera
attached, which is connected to a screen, allows the observation of the process.
Besides watching the probes landing, we can easily place a chosen light source in
the zoom lens. In the case of connecting the light by an optical fiber with a known
diameter, the light spot can be projected on the sample with the same size, making
possible to calculate the power density of the light. This method requires to adjust
the optical path of the light for projecting a focused spot on the sample, which is
possible by changing the distance of the optical fiber to the beam splitter. Finally, a
source-meter (Keithley 2450) is connected to the probes for characterizing the
optoelectronic behaviour of the sample.
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In this first setup is not possible to control the environment of the sample, like the
temperature or the atmosphere. So, we display in Figure 8 and 9 other examples of
probe stations setup by Félix Carrascoso Plana and Qinghua Zhao (hot used during
this thesis) in which we can measure in vacuum (~10) or an inert gas atmosphere.
The temperature can be also monitored, and a heater allows to increase the
temperature from room temperature to 150 °C. In both cases, we require to contact
the sample with probes first, and test all the electrical connections before closing the
chamber. This procedure is necessary because once the chamber is in vacuum, the
probes cannot be operated from outside.

(a) (b)

Camera

Glass window
Zoom lens

Screen

Connections

Figure 8. (a) Optical image of a home-made probe station to perform measurements in vacuum.
The different components are pointed in the image. (b) Image of the probe station when the isolated
chamber is opened. Here, the micromanipulators in which the probes are mounted, and the sample
stage can be observed.

As we can observe, the probes and the cables are inserted inside home-made vacuum
chambers. In order to allow the connection of the probes to a source-meter, the cables
are attached to BNC feedthrough connectors placed in the chamber walls. So, these
chambers have connections for contacting three electrodes (source, drain and gate),
the heater and a thermocouple, which allows us to monitor the temperature on the
sample. Another important characteristic of these setups in order to perform the
optoelectronic measurements on the samples is the presence of a glass window
covering the chamber. Thus, we can illuminate the sample by using the same method
explained before thanks to the possibility of the projected light spot crossing the
glass.
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Figure 9. (a) Optical image of a home-made probe station to perform measurements in vacuum. The
different components are pointed in the image. (b) Image of the probe station when the isolated
chamber is opened. Here, the magnetic probes are mounted, and the sample stage can be observed.

We have demonstrated the flexibility that provides the decision of using a home-
made probe station. This choice allows us to select the components to fit the purpose
of the research and the budget for building the setup. So, different parameters can be
easily adjusted like the number of probes, the integration of a heater/cooler or the
possibility of controlling the atmosphere.

3.3.2.2 MoS, measurements under different environmental conditions

To prove the reliability of our home-made probe stations, we use the probe station
shown in Figure 8 to characterize a MoS; device. As previously pointed, this setup
allows us to measure under different environmental conditions. Thus, the MoS;
device is characterized at 2.8-10° mbar and atmospheric conditions.

The device is fabricated with a mechanically exfoliated MoS; single layer flake
extracted from a bulk mineral of molybdenite (Moly Hill mine, Quebec). The MoS;
flake is transfer to a SiO,/Si substrate with pre-patterned Au/Ti electrodes by the
deterministic transfer technique explained in C. Once the device was prepared, we
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annealed the sample in vacuum in order to improve the electrical contact. The sample
was annealed in vacuum during 8h at a temperature of 200 °C.

Figure 10 shows the main measurements performed in the sample in both conditions:
air (red) and vacuum (blue). We observe differences in all the cases between the
measurement performed in air and in vacuum. The current versus bias voltage curves
in Figure 10(a) have similar tendencies, showing the device slightly higher current
values in air conditions. However, the behaviours in Figure 10(b) show a prominent
contrast. The gate trace (measured at a bias voltage of 1 V) obtained in air conditions
shows a big hysteresis, while the hysteresis in vacuum conditions is small. This
phenomenon was previously studied by other groups, concluding that the hysteresis
is produced due to the charge trapping of H,O molecules in the MoS; surface and
MoS,/SiO; interface.®?

Furthermore, the response time strongly depends on the environmental conditions
too. Figure 10(c) shows the light response of the MoS; device by monitoring the
current (applying a bias voltage of 1 V) while turning on and off a LED source with
a wavelength of 420 nm and a power density of 3 uW/cm?. We observe the slower
response time obtained during the measurements in vacuum. These changes appear
due to the traps recombination dynamic differences; while in air the presence of H,O
and Oz molecules increases the recombination rate, this process is slow in vacuum
due to the small molecules concentration. %
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Figure 10. (a) Current versus bias voltage curves for a single-layer MoS2 device measured in air
conditions (red) and a pressure of 2.8-10% mbar (blue). The measurements are performed in dark
conditions and no gate voltage applied. (b) Gate traces measured in the same device at a bias voltage
of 1 V in dark conditions. (c) Time traces recorded at an applied bias voltage of 1 V and no gate
voltage applied. The LED used has a wavelength of 420 nm and a power density of 3 pW/cm?. The
light was turned on and off to observe the sample response.
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The response time of the device was acquired in different light conditions in order
to study the MoS; spectra and power density. Figure 11(a) shows the MoS;
photocurrent measured at different wavelengths. This characterization was
performed by illuminating the sample with fiber coupled LEDs (Thorlabs) of
different wavelengths (420 nm, 470 nm, 530 nm, 565 nm, 595 nm, 660 nm and 740
nm) at the same power density of 3 uW/cm?. We applied a bias voltage of 1 V while
the LED was turning on and off, in order to obtain the current in dark and light
conditions. The photocurrent spectrum measured in vacuum is slightly lower than
the spectra obtained in air.
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Figure 11. (a) Photocurrent spectra of the single-layer MoSz sample measured in air (red) and
vacuum (blue) conditions. Each point corresponds to the photocurrent value calculated by
subtracting the dark current to the current in light conditions. The measurements are time traces like
the ones shown in Figure 12(c), measured with LEDs of different wavelengths (420 nm, 470 nm,
530 nm, 565 nm, 595 nm, 660 nm, 740 nm) and power density of 3 uW/cm?. (b) Photocurrent
dependency on the light power density of the single-layer MoS2 sample measured in air (red) and
vacuum (blue) conditions. Each point corresponds to the photocurrent value calculated by
subtracting the dark current to the current in light conditions. The measurements are time traces like
the ones shown in Figure 12(c), measured with a LED with a wavelength of 420 nm at different
power densities (0.1 pW/cm?, 3 uW/cm?, 5.5 uW/cm?, 8.4 pW/cm?, 11.9 uW/cm?).

We also studied the photocurrent dependency on the light power density. In this case,
a LED with a wavelength of 420 nm was used for acquiring the data. The performed
measurements are like the previous ones, in which the sample was measured at 1 V
while turning on and off the light. The power density can be set with a power
modulator attached to the LED, allowing us to measure at power densities of 0.1
uW/cm?, 3 pW/cm?, 55 pW/cm?, 8.4 pW/cm? and 11.9 pW/cm? Here, the
dependency on the power is different between the sample in air and in vacuum. The
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sample in air shows a behaviour closer to the linear dependency, even though both
traces show sub-linear tendencies.

3.4 Direct micro-probing to flakes

The techniques presented until now are well-known methods developed by the
community in order to performed electrical characterization on 2D materials.
Nevertheless, the method described in this section is a new technique developed in
Andrés Castellanos Gomez laboratory and implemented by me in order to avoid
some of the problems presented by the processes explained in the rest of the chapter.

The main goal of this technique is to provide a new tool for performing electrical
measurements in 2D materials without the need of specialised equipment not
accessible to any laboratory. In order to measure electronic properties in 2D samples,
we already discussed the necessity of using nanofabrication techniques such as
lithography or metal evaporation. These techniques are carried out in clean room
facilities with the specific tools, which suppose a big investment specially for those
institutions without a previous research on micro or nanoelectronics. For this reason,
alternatives to the lithographic methods are being investigated to encourage the
implementation of electrical measurements on 2D materials in material science
laboratories. Nowadays the methods designed for substituting these techniques are
mainly the direct metal evaporation through shadow/stencil mask>!*4 and
microsoldering.>!® The first ones still use a metal evaporator and tools for stencil
fabrication while the microsoldering requires an experienced user with very specific
training.

The procedure used in this technique is similar to the operation of a normal
atmospheric probe station, but the probes directly contact the flakes instead the
electrode pads. The problem with the usual probe stations is the size of the probes
used, which have a diameter of >25 pm. These dimensions are bigger than usual
lateral size of a mechanically exfoliated flake. Another issue with the usual probes
is their stiffness, which makes impossible to gently touch the samples without any
damage. Reliable versions for 2D materials contacts of probe stations with
nanoscopic probes have been developed, but it is necessary the use of accurate
piezoelectric actuator and specialized microscopy systems (AFM, SEM or TEM) to
inspect the gentle approach of the probes.!”'° We have developed a setup with
carbon fiber probes which does not require of elaborated microscopic methods or
positioning techniques.
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3.4.1 Setup

The setup is based on the probe station shown in Figure 7, but the probes used to
contact the samples are made of polyacrylonitrile (PAN) carbon fibers.?°2* These
fibers have a very small diameter of 7 um, as we can appreciate in Figure 12 (where
a comparison between a carbon fiber and a human hair is shown), which allow us to
place them very accurately in the flakes. Thus, the flakes can be electrically
contacted by the carbon fibers probes directly.

Carb()n flbe,-

120 um

Figure 12. Comparison between a human hair and a PAN carbon fiber (7 pum of diameter) in the
zoom lens.

The process followed to fabricate the carbon fiber probes is shown in Figure 13.
First, we attached a surgical metallic needle to a square piece of copper board (PCB)
and we wired it with a micro coaxial connection. The resulted probe was placed in
the sample holder of the stamping setup used for fabrication of 2D samples, shown
in Chapter 2.242° Despite its low diameter, the carbon fiber is very long and easy to
hold with tweezer, so we could operate the fiber without damaging it (see mechanical
properties in the next section). The carbon fiber was stuck to a glass slide in order to
transfer the carbon fiber completely straight in the needle tip. Once the carbon fiber
was placed exactly where we wanted, we applied silver paint to the needle tip, which
not only glue the carbon fiber but also improves the electrical contact. When the
silver paint was dried, we cut the fiber from the glass slide with a nail cuticle nipper.
This process is performed each time that we need a new probe, so there is no limit
for the number of probes that we can fabricate.
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1cm

(f)

Figure 13. (a) Metallic needle welded to a PCB piece. (b) The piece with the needle is mounted in
the deterministic transfer setup while a long carbon fiber is attached to the glass with tape. The glass
slide is attached to an XYZ stage that allows the placement of the carbon fiber on the needle. This
process is inspected by the zoom lens. (c) The carbon fiber is in contact with the metallic needle. (d)
The carbon fiber is attached to the needle with one drop of silver paint. (€) The silver paint is already
dry, so the carbon fiber is contacted with the needle. (f) The long carbon fiber is cut with a nail
cuticle nipper.

After fabricating two probes, these are mounted in two XYZ micro-stages like the
one displayed in Figure 14(b) to manipulate the tips positions. The stages are placed
under a zoom lens with a camera attached as shown in Figure 14(a), allowing us to
observe the flake and moving the carbon fiber tips toward the desire place on the
flake. In order to prove the accuracy of the carbon fiber tips, we show in Figure 14(c)
a MoS; flake contacted with two carbon fiber tips. The separation between the tips
is 20 um, being the minimun separation achieved in this setup of 10 um.
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N\XYZ-stages— 6 cm
s
Figure 14. (a) Optical image of the two carbon fiber microprobes setup. (b) Detail of the XYZ
micro-stage used to move the probes. (c) Optical image of two carbon fiber tips contacting a MoS:2
flake on SiO2/Si.

3.4.2 Carbon fiber characterization

As mentioned before, the tips used during the experiments are PAN carbon fibers.
In order to demonstrate their suitability for electrically contact the flakes, we studied
their mechanical and electrical properties.

First, we need to assure that the carbon fibers are floppy enough to not damage the
flakes if we push the fiber against the sample. The magnitude that provides
information about the fibers flexibility is the spring constant. Considering the carbon
fiber as cylindrical cantilevers, the spring constant is given by:%
r*-E
kh=—
2-L3(1—v?)

where k is the spring constant, r is the fiber radius (in our case 7 um of diameter), E
is the Young’s modulus, L is the length (the typical probes length is 1 mm) and v is
the Poisson’s ratio. The E and v values are extracted from Reference ¢ as the fibers
used are the same, being E = 246 + 8 GPa and v = 0.27. We calculated then the spring
constant, obtaining a value of k ~ 0.02 N/m. Thus, the tips do not damage the flakes
when we contact them because the carbon fibers are quite flexible.
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This flexibility of the fibers can also affects to the stability of the probes in the case
of having mechanical resonance frequencies in the low range of 1-100 Hz. Acoustic
noise and other laboratory vibrations have frequencies in that range, propitiating
possible instabilities in the contact of ours probes. The frequency resonance is
calculated again considering the carbon fiber tips as cylindrical cantilevers, reported
in % as:

1 k
f==—

2 meffect

where f is the resonance frequency, k the spring constant and mesrc: is the effective
mass of the carbon fiber probe. This last parameter is given by:

Mefrect = 0.243 p - L - mr?

where p is the mass density (p = 1.71 + 0.06 g/cm?®), extracted from the same
Reference as well. The value obtained for the mechanical resonance is ~5.6 kHz,
which is above the human voice range (up to 3.4 kHz), so the mechanical stability is
not affected by the voices.

Other important parameters in electrical probes are the fiber electrical resistivity and
the contact resistance with the flakes. In order to calculate these two parameters, we
followed the procedure explained in Reference?®. A carbon fiber was placed in a
glass slide and silver paint drops were put along the fiber to facilitate the electrical
contact. The resistance of the fiber was measured at different distances between the
silver drops, obtaining the graph shown in Figure 15. Thus, the resistivity of the fiber
and the contact resistance with a metal can be calculated by:

R=(peA™) L+ 2R

where R is the resistance, pe is the electrical resistivity, A is the cross section of the
fiber, L is the distance between the silver paint drops measured and Rc is the contact
resistance between the carbon fiber tip and the silver paint. As we can observe in
Figure 15, the data follow a linear tendency in which the slope is 1.92-10-5 Q-m.
This value corresponds with the electrical resistivity of the carbon fiber, being the
contact resistance between the carbon fiber and the silver paint 80 Q.
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Figure 15. The resistance measured between silver drop contacts at different distances in the carbon
fiber.

Once the contact resistance with a metal was obtained, we also needed to determine
the contact resistance of the carbon fiber tip with a 2D material, because these fibers
are used to contact flakes. We chose in this case a TiSz nanoribbon to determine the
contact resistance. TiSs is a 2D materials that grows in nanoribbon shape, allowing
us to have homogeneous channel width. This characteristic facilitates the
determination of the distance between both contacts with the flake. In this case, two
carbon fibers were used to contact directly the sample and current versus voltage
curves were measured to extract the resistance, as shown in Figure 16. We obtained
for the contact resistance of the carbon fiber with the flake a value of 33.1 kQ (or 8.3
Q-cm). If we compare this value with the contact resistance between a trilayer MoS;
and Au electrodes reported,?” we observe that both are in the same range.
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Figure 16. (a) Resistance measured in a TiSs nanoribbon at different distances between the two
carbon fiber probes. (b) Current versus voltage curves recorded in order to measure the resistance at
different distances in the flake.

Finally, Figure 17 shows the monitoring of the current over the time while we
approached a carbon fiber tip to a SiO./Si substrate with Au coating. The Au
substrate and the carbon fiber probe were connected to a Keithley 2450 source-meter
that allowed us to apply certain voltage and measure the current. So, the carbon fiber
tip was lowered until it reached the Au surface, closing the circuit and showing a
certain current flow.
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Figure 17. Current measurement while the probe is contacting the Au substrate, being the
fluctuations due to the manual manipulation with the micro-stage.
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3.4.3 Sample fabrication

To test this electrical contacting technique, we fabricated several samples with
different 2D materials, following the same procedure for all of them. The MoS; was
extracted from a bulk natural mineral from Moly Hill mine (Quebec, Canada), the
TiSs used was synthesized by the same process described in Reference 28 and was
provided by 1.J. Ferrer and J.R. Ares, the black phosphorus was bought in Smart
Elements and the WS; and WSe; are natural crystals provided by R. Bratschitsch. In
order to obtain flakes from these bulk crystals, we mechanically exfoliated them with
Nitto tape (SPV) several times as already explained in C. In the last exfoliation step,
we used a PDMS stamp to obtain thin layers of material. After the exfoliation, the
PDMS stamps were inspected in the optical microscope to select a flake. In the case
of the MoS; flakes, differential reflectance spectra were measured to determine the
number of layers of the flake.?® The chosen flakes were transferred with the
deterministic transfer method described in C to different substrates: Au and Si for
the sample prepared in the section 3.2.4 and SiO,/Si for the rest of the samples.?4?°

3.4.4 Vertical measurements

The setup was tested by measuring samples with a single probe contact, so vertical
devices were fabricated to measure electrical transport in the out-of plane direction.
The first sample was a MoS; flake with areas of different thicknesses transferred on
Au substrate. In Figure 18(a), there is a scheme of the setup configuration in which
we can observe how the carbon fiber and the Au substrate are connected to the
source-meter. Once the carbon fiber contacts the flake, we measure the resistance of
the MoS; flake in the c-axis. The optical image of the sample is shown in Figure
18(b), in which inset we can also observe the sample contacted by the carbon fiber
probe. The sample was contacted in four different areas: monolayer, bilayer, trilayer
and multilayer. In each area, a current versus voltage curve was measured in order
to obtain an electrical characterization and calculate the resistance of the MoS; for
different thicknesses. The resistance values were obtained considering the resistance
of the fiber probe, which was subtracted to the total resistance. Thus, the fiber was
previously contacted to the Au substrate to measure the probe resistance with an IV
trace (R =800 + 50 Q). Figure 18(c) displays the 1Vs recorded, which show a lower
resistance for the monolayer and exponentially higher resistance for the rest of the
thicknesses of the flake. This behaviour of the MoS; is compatible with a tunnelling
barrier,® in which the width of the barrier depends on the number of layers of the
flake.
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Figure 18. (a) lllustration of the MoS:2 flake transferred on Au substrate and the electrical
connections to measure with the carbon fiber. (b) Optical image of the MoS: flake with different
thicknesses on Au. Inset: Carbon fiber contacting the bilayer area of the flake. (c) Current versus
bias voltage measured in the areas marked in (b). Inset: Resistance extracted from the Vs at bias
voltage of 1V, subtracting the fiber resistance.

The next sample measured with one carbon fiber probe was a p-n junction between
a single-layer MoS; and p-type silicon. An illustration of the setup and the sample is
shown in Figure 19(a), similarly to the scheme of Figure 18(a). Here, we observe the
connections from the Si and the carbon fiber probe to the source-meter while the
MoS:; is contacted by the carbon fiber tip. It was already reported that MoS;, which
is a n-type semiconductor, forms a p-n junction in contact with p-type Si.3*% In
Figure 19(b), we see an optical image of the sample measured (a transmission image
of the flake before the transfer is shown in the inset to facilitate the inspection). The
single-layer area marked in Figure 19(b) is contacted by the carbon fiber probe to
perform the measurements. 1Vs in dark conditions (black line) and under
illumination with a white LED source (blue line) were obtained. As it can be observe
in Figure 19(c), the black curve shows a rectifying behaviour which is characteristic
from a diode. The increase of the open-circuit voltage (~0.15 V) and short-circuit
current (~5 nA) is also the proper behaviour of a photovoltaic photocurrent
generation mechanism of a p-n junction.
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Figure 19. (a) Illustration of the n-type MoS: flake transferred on p-type Si substrate and the
electrical connections set for the measurements. (b) Optical image of the sample of MoS: transferred
on Si. Inset: Transmission image of the MoS: flake to facilitate the recognition. (c) Current versus
voltage curves for the p-n junction fabricated, measured in dark conditions (black trace) and under
illumination with white light (blue).

3.4.5 Phototransistor measurements

Once we finished with the measurements of one carbon fiber probe, we had to test
the performance of two carbon fiber tips. The measurements done with this aim are
the characterization of the phototransistor properties in a MoS; trilayer. In Figure
20(a), there is a schematic image of the setup and the electrical configuration. In this
case, we have connected both probes to the source-meter to apply a voltage
difference between two points on the sample surface with the tips.

The MoS; flake was transferred on SiO,/Si wafer, which allows us to establish a
back-gate voltage between the Si of the substrate and one of the carbon fiber tips to
perform electric field effect measurements.*® An optical image of the sample is
shown in Figure 20(b), where the trilayer region contacted is marked. We observe in
the inset how this region was probe by the two carbon fiber tips. Current versus
voltage characteristics were recorded for different gate voltages applied in the MoS;
trilayer, as shown in Figure 20(c). We extracted the current measured at a bias
voltage of 1 V for each gate voltage applied, obtaining the inset of Figure 20(c).
Here, it can be appreciated the dependency of the current with the gate voltage, which
shows a characteristic behaviour of a n-type semiconductor.®® Thus, the current
increases with the increment of gate voltage while it decreases for negative voltage,
being completely switch off at negative gate voltages of ~-20 V. Moreover, the
transistor configuration presents an ON-OFF current ratio of ~150 at a bias voltage
of 1 V.% This last value is comparable to those reported in the literature for trilayer
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MoS, measured at similar conditions. We can also estimate from the gate trace the
mobility of the transistor, which is between 1.3 and 3.3 cm?/(V-s). This uncertainty
in the mobility calculation is due to the width and length channel determination. The
mobilities reported in literature for trilayer MoS; devices fabricated with lithography
range from 0.5 to 10 cm?/(V-s). These values of the trilayer MoS, mobility are
compatible with the data reported by the literature.®=° In order to reduce the
uncertainty in the mobility calculation, four probes with a van der Pauw
configuration can be disposed to better obtain the channel dimensions and the contact
resistance.

(@) (b) (©)

( A‘,3_| —
Carbon fiber\ 1

Si0,

7 03}
éo,z-
~0.1f 1=

p++Si

0
Vg=20V -20-10 0 10 20
Vg, (V)

-0.5 0 05 1
Bias Voltage (V)

MoS;

Figure 20. (a) Illustration of the MoS; flake on SiO2/Si substrate and the electrical connection to
measure with two carbon fiber probes. (b) Optical image of the MoS: flake on SiO2, being the
marked area the trilayer measured. Inset: MoS: trilayer contacted by two carbon fiber probes. (c)
Current versus bias voltage traces measured at different gate voltages applied, ranging from -20 V
to 20 V. Inset: Current extracted from the Vs at a bias voltage of 1 V for each gate voltage.

We also can use the same configuration employed for field-effect measurement
(shown in Figure 20(a)) to perform measurements of the MoS; response to the light.
The probes leave the semiconductor channel exposed thanks to their small size.
Thus, the channel can be illuminated allowing us to measure the photodetection or
the chemical sensing of our flake.*> We tested the response to the illumination of our
MoS; trilayer, studying the light power and wavelength dependencies of the
sample.*+4?

Figure 21(a) shows the current versus voltage traces for the MoS; under illumination
with a LED source with 455 nm of wavelength. Each curve corresponds to different
power density of the light. From these data, we extracted the current measured at a
bias voltage of 10 V in order to observe the photocurrent dependency on the
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illumination power. This dependency is linear, as it can be observed in the inset of
the Figure 21(a)
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Figure 21. (a) Photocurrent versus bias voltage traces measured under illumination with light
wavelength of 455 nm at different power densities. Inset: Photocurrent extracted from the IVs at bias
voltage of 10 V for each light power density. (b) Response time measurements under illumination
with LED sources of 455 nm (dark blue), 505 nm (light blue), 617 nm (yellow) and 660 nm (red) at
fixed power density of 160 mW/cm? and bias voltage of 10 V. (c) Photocurrent spectrum extracted
from measurements at bias voltage of 10V and power density of 140 mW/cm?2. The differential
reflectance spectrum of MoS: flake is shown in the same graph.

The next experiment carried out was performed in order to study the photodetection
response at different wavelengths. The bias voltage was set at 10 V while the
illumination was modulated with a square function, having the ON state a power
density of 160 mW/cm?. The response time of the photodetector can be obtained
from these data, being ~100 ms for all the wavelengths. This value of the
photodetection response time is in the range of the reported results (from ps®*“® to
s*45) for MoS; photodetectors. From the measurements at different wavelengths at
fixed power density, one can extract the photocurrent spectrum of the photodetector.
The photocurrent spectrum of the photodetection is related to the absorption
spectrum of the MoS; flake. In order to facilitate the comparison, we plotted the
differential reflectance spectrum measured prior the transfer (related to the
absorbance) in the Figure 21(c) together with the photocurrent spectrum. We can
observe that the photocurrent spectrum shows a peak in the area where the
differential reflectance spectrum shows the A and B excitonic resonances.*
Moreover, the photocurrent spectrum follows the same behaviour than the
differential reflectance spectrum in the studied wavelength range. The photocurrent
data also allow us to calculate the responsivity of the MoS; by:
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R=—n
Paen * Achan

where R is the responsivity, Iy is the photocurrent, Pgen is the light power density
and Achan is the area of the semiconductor channel. Our sample reaches 26 A/W,
which is in the range of conventional MoS; photodetectors measured at similar light
and bias conditions previously reported by the literature.*

3.4.6 Reproducibility of the measurements and stability of the contact

One big difference between using conventional contacts made by lithographic
techniques and measuring directly with carbon fiber tips is the stability of the
established contact. The contact between the carbon fiber and the flake changes due
to mechanical vibrations during certain measurement, unlike the conventional
metallic electrodes. Likewise, the contact is different from measurement to
measurement (different spot on the flake surface, different pressure applied to the
contact, ...), which does not occur in samples with conventional metallic electrodes.
Due to the possible contact shift produced along the measurements, we need to
characterize the reproducibility and stability of the measurements performed by the
carbon fiber probes.
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Figure 22. (a) Current versus voltage curves measured in the out-of-plane direction of a MoS:
multilayer region transferred on Au substrate with one carbon fiber probe. The graph shows the trace
and the retrace for each measurement. (b) Resistance calculated from the Vs measured in regions
with different thicknesses of the MoS: flake on Au substrate, using the same configuration with one
carbon fiber probe. The filled circles correspond to the trace and the unfilled circles to the retrace.
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The first test performed in the sample was the measurement of current versus voltage
characteristics on different areas of a MoS; flake transferred on Au substrate. One
carbon fiber probe and the Au substrate were connected to the source-meter while
the carbon fiber tip was probing the MoS, sample, similarly to the scheme of the
Figure 18(a). The current flow across the out-of-plane direction of the flake (c-axis
of MoS;) was recorded few times in order to study the reproducibility. In Figure
22(a), we show four 1VVs measured in a multilayer area of the MoS, sample (trace
and retrace in each measurement), finding a good reproducibility from curve to
curve. We extracted the resistance of each area of the flake from Vs measured along
the sample with different number of layers, as shown in Figure 22(b). There are some
differences between the values calculated from each trace or retrace, probably due
to the mechanical vibration of the setup. These vibrations were produced because of
the lack of isolation of the setup (the setup was situated in a normal desk without any
cover), so the reproducibility can be improved by introducing some changes in the
setup isolation.
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Figure 23. Time trace of the MoS2 sample transferred on Au substrate and measured in the out-of-

plane direction with one carbon fiber probe. The bias voltage is kept at 10 V and the illumination is
modulated with a square signal in a LED source of 505 nm with a power density of 160 m\W/cm?.

One the other hand, we also performed long time traces in order to observe the
stability of the carbon fiber probes. Photodetection of the MoS, sample was acquired
during more than one minute, maintaining a bias voltage of 10 V and illuminating
the sample with square-modulated light of 505 nm with a power density of 160
mW/cm?. We observe in Figure 23 that the measurement was stable for 10-20 s.
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However, the trace started to shift at certain point because air flow produces the tip
drifts. This problem could be also improve by a better isolation of the setup.

3.4.7 Reliability

(a)

(b)

(©)

Before

Before

Figure 24. (a) Optical images with better resolution of the flake before and after sweeping with a
metallic wire. The last panel is the AFM image acquired after sweeping with the metallic wire. (b)
Optical images of a carbon fiber sweeping a MoS2 monolayer area. (c) Optical images with better
resolution of the flake before and after sweeping. The last panel is the AFM image acquired after
sweeping with the carbon fiber tip.

Carbon fiber probes proved to be suitable for optoelectronic characterization of 2D
materials, as we showed in the previous sections. Moreover, we also aim to assure
the gentleness of the probing, showing that our carbon fibers do not produce any
damage to the flakes. So, we used one carbon fiber to sweep the surface of a single-
layer MoS; area, as it can be observed in Figure 24(a). Optical microscopy images
were acquired before and after the process, we do not observe any difference between
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them. AFM characterization was also performed for inspecting the possible changes
between before sweeping and after sweeping the sample. The image after sweeping
is shown in Figure 24(b), where any noticeable scratch was found in the surface of
the flake. We tried to follow the same process with a 10 mm of diameter metal wire,
in order to inspect the possibility of using them instead of carbon fibers, but the wire
damage and scratch the flakes.
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Figure 25. Current versus bias voltage characteristics measured in flakes of (a) multilayer graphene
flake, (b) WS: flake, (c) TiSs flake and (d) black phosphorus.

In order to show the reliability of this technique for probing any 2D material, we also
measure other materials apart of MoS,. We use again the configuration of two carbon
fiber tips to measure 1Vs in the in-plane direction of the different flakes. The results
are shown in Figure 25, in which the materials measured are: multilayer graphene,
the most remarkable and well-known 2D material; WS,, a member of the same
family of MoS; (TMDCs); TiSs, a transition metal trichalcogenide; and black
phosphorus, belonging to a different 2D materials group. We did not find any
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problem in contacting all these materials with two carbon fiber probes and measure
the current versus voltage characteristics, demonstrating the versatility of this
method and the possibility of extending it to any 2D material.

3.5 Conclusions

The electrical characterization of 2D materials requires of specific techniques and
methods in order to perform measurements on the flakes. Along this chapter, we
review different approaches for contacting 2D materials. In order to electrically
contact the flakes, metallic electrodes are usually patterned on the substrate surface.
The electrodes can be patterned before or after the transfer of the flake, which usually
determines the technique used for patterning. The most common methods for pre-
patterning electrodes are the photolithographic techniques and the shadow masks
meanwhile the e-beam lithography is commonly used for patterning electrodes on a
transferred flake.

Once the flake is contacted by metallic electrodes, we need to connect these
electrodes with external electronics. There are two well-known technigues to contact
the electrodes: the wire bonding and the micro-probing with a probe station. The
wire bonding requires of certain expertise to apply the right parameters to create a
bond without damaging the electrodes. Micro-probing with the tips of a probe station
can be very gentle, avoiding unintentional damages on the electrodes. On the other
hand, the number of probes available in a probe station limiting the number of
electrical connections. With wire bonding one can easily make as many bonds as
need.

Another completely different method is the direct probing of the flakes, in which the
carbon fiber probes are also the electrodes. This technique allows us to avoid the
electrodes patterning process while making the electrical connection of the flakes
with the source-meter as easy as operating a probe station. The main difference is
the gentleness and the low diameter of the probes, which are required characteristics
to perform the microprobing. Although this method is very convenient for certain
experiments, there are some disadvantages with respect to the common techniques,
like the stability of the contact.

So, the choice between the use of different techniques and methods strongly depends
on the characteristics of the experiment. Each method has advantages and
disadvantages that need to be study in order to accomplish the requirements of the
research.
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4. Strain tunable single-layer MoS;
photodetector

4.1 Introduction

Electronic devices are characterized by the presence of an external knob that allows
to manipulate and control their performance. The most common example is the field-
effect transistor, in which the conductance can be tuned by applying an electric field
between the gate and the drain electrodes.*® This trend continues nowadays, so the
researchers are studying other external knobs to develop new designs for devices like
in the case of valleytronics or spintronics.®

In this chapter, we explore the possibility of using strain engineering as a tuning
knob for varying the optoelectrical behaviour of MoS, photodetectors. Strain
engineering has already proven to produce the modification of the optoelectronic
properties when the materials are grown with certain stress respect to their original
lattice.!>*> This conventional approach provides fixed values of strain to the
materials without the possibility of modifying the strain level. Moreover, the strain
levels achieved are small due to the brittle of the materials. After the isolation of 2D
materials, the paradigm of strain engineering changed completely thanks to the
flexibility of these materials. The low presence of defects and the lack of dangling
bonds in the surface of 2D materials allow to stretch and bend them at large levels
compare with 3D materials without damaging them. Furthermore, the strain is
reversible in these materials due to their flexibility, which means a new way to use
strain engineering.1®%

There have been several optical studies on 2D materials in which the samples were
measured with different levels of applied strain. In the case of transition metal
dichalcogenides, we already explained in Chapter 1 that tensile uniaxial (or biaxial)
strain produce a reduction in the bandgap. 242" During our experiments, we used
single-layer MoS; photodetectors, so the bandgap modification is observed in the
photodetector performance. Unlike the experiments explained in other works,?2 the
aim of this study is the adjustment of the photodetector bandwidth with the
application of strain. Thus, we obtained a device in which we can select the operation
mode by selecting the percentage of applied strain, opening the possibility of using
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it as an external knob. This technique can be extended to other 2D materials, in which
the modifications would depend on the band structure evolution produced by the
application of strain. Black phosphorus, for example, is another 2D material in which
the bandgap changes introduced by strain are more noticeable than the ones observed
in MoS,.30-32

4.2 Fabrication process

The photodetectors measured along the experiments use MoS; flakes mechanically
exfoliated from a bulk natural crystal of molybdenite (Moly Hill mine, Quebec,
Canada) with the technique previously explained in Chapter 3. Prior to the transfer
of the flakes, transmittance measurements (see Chapter 2 and %) were performed in
the flakes to determine the number of layers of the material in order to select the
single-layer areas of MoS,.3* Once we identify a single-layer MoS,, it was
determiniscally transferred between pre-patterned Au/Ti electrodes by the method
explained in Chapter 3.3 These electrodes were previously fabricated on
polycarbonate (PC) substrate by electron-beam evaporation through an Ossila®
shadow mask (E324). Finally, the resulting device was annealed at 100 °C to improve
the contact between the flake and the electrodes. An example of a single-layer MoS;
device can be observed in Figure 1b.

(@) (b)
Light spot

. -4 = 2
Au electrodes PC substrate

Thermal stage

Figure 1. (a) Schematic representation of the single-layer MoS: photodetectors configuration and
the setup in which the measurements were performed. There is a thermal stage underneath the device.
The sample is illuminated with a light spot from the top. (b) Optical transmission image of a single-
layer MoS: photodetector. The substrate is polycarbonate (PC) and the source and drain electrodes
are made of Au/Ti.
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4.3 Strain application

The method used to apply strain is already explained in the Chapter 1. The sample is
heated up/cooled down, which produces the expansion/contraction of the substrate.
The thermal coefficient of the MoS; is negligible compare with the thermal
coefficient of the substrate, resulting in the application of biaxial strain to the flake
placed in the surface of the substrate. The control of the substrate expansion was
carried out with a thermal stage placed under the sample (Linkam HFS600-P for both
expansion/contraction measurements and a Peltier heater for only expansion
measurements). The PC was chosen among other polymeric substrates due to the
large thermal expansion and the high Young’s modulus (E = 2.5 GPa), as shown in
Figure 2. These two parameters assure a big biaxial expansion and contraction of the
substrate under temperature modifications and a good strain transfer to the MoS;
flakes deposited on top. The polycarbonate substrate transfers at least the 80% of the
strain to the sample according with the calculations performed by Riccardo Frisenda
and co-workers in *’. These calculations only provide a rough approximation of the
strain transfer efficiency, so perfect strain transfer is assumed during the experiments
(giving a low boundary to the strain gauge values calculated).
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Figure 2. Finite element calculation of a biaxial strain test sample consisting of a 100-um-thick

substrate and single-layer MoSz (0.7 nm thickness) on the substrate. The curve represents the
maximum transferred strain in MoS: as a function of substrate’s Young’s Modulus.
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Figure 3. (a) Differential reflectance spectra measured at 25 °C (dark blue), 60 °C (light blue), 80
°C (yellow) and 100 °C (red). They are translated by 0.08 in the vertical axis. Inset: Calculated A
exciton wavelength from the spectra shown. (b) Optical transmission photo of the single-layer MoS:
device showing the different areas. (c)-(e) Exciton A energy maps, calculated from the differential
reflectance spectra in each point measured at 25 °C (c), 60 °C (d) and 80 °C (e).

To check the homogeneity of the strain applied along the sample, differential
reflectance maps were measured in a MoS; photodetector at different temperatures.
These measurements were performed in the micro-reflectance setup explained in
Chapter 2 equipped with a XY motorized stage system controlled by a Matlab
program. This XY system allows us to scan the sample in order to measure the
reflection spectrum in different points. From the spectra of each point, one can
extract the A exciton energy from a fit as shown in Figure 3(a). This process was
done in each point, obtaining an A exciton energy map. One can observe in Figure
3(c)-(e) that the signal along the sample is homogeneous in the maps, being a clear
indication of the strain homogeneity. These maps also provide information about the
energy shift that the strain produces in the sample, the A exciton has an energy of
655 nm when there is no strain applied and 665 nm and 670 nm for 0.22% and 0.35%
of applied strain respectively. These data are consistent with the expected results, the
A exciton energy shows a redshift when there is expansive strain application due to
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the bandgap reduction as previously explained in Chapter 1. Thus, we can also assure
that the strain is transferred to the MoS; flake and there is not slippage. Apart of the
slippage, another phenomenon that can occur under large levels of compressive
strain is the buckling of the flake, as it was mentioned in the Chapter 1. However,
there is no buckling phenomena during the application of compressive strain in our
experiments. According to previous works, the buckling under compressive strain
occurs at higher strain levels than & = 0.25-(3-Esustrate/ Efiake)?*, Which in our case

corresponds to ~-2.7% of strain (along this work we reached only -1.48% of strain).
38,39

4.4 Strain calibration

As mentioned before, we assumed perfect strain transfer between the substrate and
the sample. For this reason, the calibration of the thermal expansion of the PC was
performed, to determine the amount of applied strain with the temperature. The
calibration method used for extracting the thermal expansion of polymeric substrates
was reported by Frisenda et al®’. The first step consists on the patterning of periodic
pillars of resist in the PC substrate by using a Smart Print maskless lithographty
system (from Microlight 3D). The sample with pillars was then placed in the Linkam
HFS600-P system, in which we could vary the temperature of the sample (from -200
°C to 100 °C). This system has a transparent window that allows us to observe the
sample with a zoom lens (Navitar) equipped with a camera (Amscope 18 MP). In
Figure 4(a), we show two optical images of the samples at different temperatures.
As it can be better appreciated in Figure 4(b), the distance between the pillars
changes with the temperature because of the thermal contraction and expansion of
the substrate. Several photos were acquired at different temperatures and then
analysed with a Matlab script that finds the position of the pillars. The strain was
calculated by:
L—1L,
Lo

where ¢ is the strain, L is the length at the studied temperature and Ly is the length
for the unstrained substrate, in our case at 25 °C. The results of this analysis are
shown in Figure 4(c), where each dot corresponds to the value calculated in one
photo. The dependency is linear, and we obtained from the fit a factor of 6.4-103
%/°C for the applied strain per degree (a linear expansion coefficient of 64-10° K1).

E =
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Figure 4. (a) Optical transmission images of the PC substrate with patterned pillars at -120 °C and
40 °C. (b) Zoom in the same area of the substrate for both temperatures in order to distinguish the
expansion of the substrate thanks to the change in the distance between the pillars. (c) Calibration of
the PC strain dependency on the temperature.

4.5 Optoelectrical measurements

The optoelectrical measurements were carried out with a Keithley 2450 source-meter
unit connected to the Linkam system, which includes two metal probes that allows
us to measure the device while controlling the temperature. The samples were
illuminated through the transparent window with a spot of 400 um of diameter. In
order to create the spot, an optical fiber with a 400 um core is attached to the light
source in one side. The other side is placed in the side illumination module of the
zoom lens. By adjusting the position of the fiber in the module (closer or further from
the beam splitter), we can focus the spot in the sample plane, which allow us to obtain
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a homogeneous power density along the whole spot area of 8 mW/cm?2. The light
source used during the experiments was a Bentham TLS120Xe, which is a Xenon
lamp coupled to a monochromator. The wavelength spectrum of this lamp ranges
from 280 nm to 1100 nm and the wavelength can be selected with an average FWHM
of 10 nm. The average power outlet of the light in the spectral range used during the
experiments is ~10° W after passing through the optical system. Thus, Figure 5
shows the power spectrum of the lamp from 550 nm to 800nm, which is the
wavelength interval used along the experiments.

14 | \ .
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Figure 5. Xenon lamp power spectrum recorded after passing through the zoom lens. The optical
fiber used has a core of 400 um.

The MoS; photodetectors were measured at a constant bias voltage of 10 V. In the
meantime, the light source was turned on and off for producing a square signal
illumination, as shown in Figure 6. These measurements allow us to extract the
current in dark conditions and the photocurrent generated in the device under light
conditions. These two values are necessary to study the responsivity of the
photodetector to the light. In order to obtain the spectral response of the
photodetector in unstrained and strained conditions, the device was illuminated with
light of wavelengths ranging from 550 nm to 800 nm, recording the response at each
10 nm. The responsivity of the device is calculated from the next expression:

I
R=—P1
Pien  Agev
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where R is the responsivity, Ipn is the photocurrent, Peen is the density power of the
incident light and Agev is the MoS; illuminated channel area.
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Figure 6. Response time of a single-layer MoS: photodetector at 0% (blue), 0.22% (green), 0.35%
(orange) and 0.48% (red) of applied strain.

4.6 Photodetectors response

Figure 7 shows the responsivity spectrum of a single-layer MoS; device without any
strain applied (which means a temperature of 25 °C). As it was explained, each dot
corresponds to one response time measurement, like the ones explained in the
previous section. The responsivity values are compatible with other works in
literature for MoS; photodetectors on SiO-/Si substrates under similar experimental
conditions (bias voltage applied and power densities), better performances are
reported for higher drain-source voltage and low illumination power density.“®2 In
the responsivity spectrum, we can distinguish two peaks that correspond to the
exciton A and B already observed in the differential reflectance spectra of the single-
layer MoS; photodetector. For energies lower than the A exciton energy there is a
drop in the responsivity that also appears in the differential reflectance spectra,
showing a good agreement between the optical measurements and the optoelectrical
behaviour of the device.***
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Figure 7. Responsivity spectrum of an unstrained single-layer MoS:z photodetector. Each dot

corresponds to the value extracted from a response time measurement recorded at a bias voltage of
10 V and illuminated with a light power of 8 mW/cm?.

After obtaining the spectrum of the unstrained single-layer MoS, photodetector, we
continued the study of the spectral response of other single-layer MoS;
photodetectors under different applied strains. In Figure 3(a), we can observe similar
shape of these spectra compared with the one displayed in Figure 7. The A and B
excitonic peaks appear in all the spectra, showing a redshift/blueshift when
expansive/compressive strain is applied. These results are compatible with the
phenomena already obtained in the differential reflectance spectra (Figure 3(a)). The
spectra were fitted with a broad gaussian background and two gaussian peaks centred
in the A and B excitonic resonances. We calculated a strain gauge factor of 31 nm/%
(~94 meV/%) in the A exciton energy, while a strain gauge factor of ~58 nm/% (~135
meV/%) was obtained for the photodetector cut-off wavelength. The cut-off
wavelength is extracted from the wavelength value at which the photocurrent drops
below the setup noise level (1pA). These data are shown in the Figure 8(b) and they
are in good agreement with previous reported results in MoS, photodetectors
fabricated on SiO/Si substrate.*"4
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Figure 8. (a) Responsivity spectra of a single-layer MoS2 photodetector measured at -0.80% (dark
blue), -0.48% (light blue), -0.16% (green), 0.16% (yellow) and 0.48% (red) of applied strain. Each
dot corresponds to the value extracted from a response time measurement recorded at a bias voltage
of 10 V and illuminated with a light power of 8 mW/cm?2. The spectra are multiplied by certain
factors in order to facilitate the comparison: -0.80% by 10, -0.48% by 10, -0.16% by 6 and 0.16%
by 1.7. (b) Cut-off wavelengths calculated from the fits of the responsivity spectra of three single-
layer MoS: photodetectors measured at different strain ranges. Inset: Exciton A wavelengths of the
same spectra calculated from the fits.

Another phenomenon observed was an increase on the responsivity values when we
applied tensile strain. Device #1 spectra recorded at several strain levels are shown
in Figure 8(a), where an increment in the responsivity values by a factor of ~100 was
measured between -0.8% and 0.48% of applied strain (higher changes were observed
in device #2, where the increase was by a factor of ~1000 for strain ranging from -
1.44% to 0.48%).

4.7 Effects of the strain in the photodetector’s response

In order to elucidate the variable that was causing this huge increment in the
responsivity, we first studied the performance of single-layer MoS, photodetectors
fabricated on SiO./Si substrate. In this case, the strain does not play a role in the
measurements (the thermal expansion coefficient of SiO,/Si substrate is negligible)
S0 we can separate the effect of the temperature from the strain. The results of these
experiments are displayed in Figure 9, in which panel (a) shows the data for the
device fabricated on PC and panel (b) for the photodetector on SiO»/Si. It can be
easily distinguish the huge responsivity increase experienced by the single-layer
MoS; photodetector from the unstrained state to strained state (0.48% of applied
strain) while there are no big changes between both responsivity spectra in the single-
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layer MoS; photodetector fabricated in SiO2/Si. Our findings point to the strain as
the variable that produces this phenomenon of responsivity enhancement.
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Figure 9. (a) Responsivity spectra of a single-layer MoS2 photodetector fabricated on PC measured
at 25 °C (0% of strain) and 100 °C (0.48% of strain). Each dot corresponds to a response time
measurement at 10 V of bias voltage and illuminated with a power density of 8 mw/cm?. (b)
Responsivity spectra of a single-layer MoSz photodetector fabricated on SiO2/Si measured at 25 °C
and 100 °C (in this case there is no strain applied). Each dot corresponds to a response time
measurement at 10 V of bias voltage and illuminated with a power density of 8 mW/cm?.

An explanation for the huge difference in the behaviour of unstrained and strained
devices was searched by studying the response time of the photodetectors, that it is
linked to the responsivity of the devices. The photocurrent generation in MoS;
photodetectors is carried out mostly by two different mechanisms,47-4
photoconductance and photogating. Both mechanisms have different performances
in response time and responsivity, which will allow to determine the dominant
behaviours of our devices in different conditions.

The first mechanism, the photoconduction, usually has a response time of <10 ms
and lower responsivity values. Here, the photoexcited electrons and holes are
separated by the bias voltage, which will produce an increase in the device current.
The responsivity for a photoconductive photodetector has a theoretical limit that can
be calculated by using:

q
R:T]ﬁ
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where R is the responsivity, # is the quantum efficiency, q is the electron charge, h
is the Planck’s constant and f is the frecuency of the light. Assuming a quantum
efficiency of 100%, we would obtain values of responsivity ranging from 0.44 A/W
(for light wavelength of 550 nm) to 0.65 A/W (for light wavelength of 800 nm) in
the light spectrum studied. However, the real values of quantum efficiency are far
from 100% because of the absorbance of MoS; being around ~10% in the
wavelength interval considered.

On the other hand, the photogating process creates a different response in the
carriers, which is shown in the scheme of Figure 10. The separation of electrons and
holes is produced when the semiconductor material is illuminated with light, as it
occurs during the photoconductive process. However, in this case, the minority
carriers (electrons in a p-type semiconductor and holes in a n-type semiconductor)
are trapped in the trap centers of the semiconductor material while the majority
carriers are conducted to the drain electrodes. In order to keep the charge neutrality,
a flow of majority carriers from the source electrode to semiconductor material is
established. However, once in the semiconductor, the majority carriers are affected
by the bias voltage and continue the flow towards the drain electrode. This process
continues until the trapped minority carriers are released from the trap centers. Thus,
each photon starts the generation of G minor carriers, where G is the gain of the
photodetector. The gain G is then proportional to the ratio between the travelling
time of the majority carriers from the source to the drain electrodes and the minority
carrier trapped time. This phenomenon is quite common in 2D materials, in which
the defects and impurities act as trap centers of the minority carriers.
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Figure 10. Schematic of the photogating mechanism. In the left, the n-type semiconductor in dark
conditions conduces the majority carriers (electrons in this case) between the electrodes. In the right,
the illumination produces the separation between electrons and holes in the material. The majority
carriers (electrons) travel between electrodes while part of the minority carriers (holes) are trapped
in the defects or impurities of the semiconductor material.
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As it can be seen in the inset of Figure 8(a), the response time for compressive strain
of -1.44% is very fast (lower than 80 ms, which is the resolution of our setup)
compare with the slow response of ~1.5 s obtained for the photodetector with
+0.48% of applied strain. These results are compatible with the enhancement in the
responsivity values measured in the photodetectors. These changes in the
photodetector response when the strain is increased indicates a transition from a
photoconductive behaviour to a photogating mechanism, in which there is an
increment in the device traps.

We again compare the response time data of the devices prepared in PC with the
ones measured in MoS; photodetectors fabricated on SiO/Si substrate. The increase
in the response time previously found in the PC devices does not appear in the
Si0./Si photodetectors for temperatures from 25 °C to 100 °C. So, both the increase
in the responsivity and the response time are characteristic from strained devices,
although we could not identify the microscopic mechanism that produces the
changes.
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Figure 11. (a) Optical reflection photo of a single-layer MoS: photodetector on PC with the different
areas marked. (b) Reflection map of the same photodetector measured with a laser of 650 nm. (c)
Current maps of the same photodetector measured at 25 °C, 50 °C and 70 °C. The lines show the
same areas marked in the photo on (a) and the reflection map on (b).
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We also studied the Schottky barrier height by scanning photocurrent to provide
further information about the effects of strain in the photodetectors performance.*°
Figure 11 shows photocurrent maps recorded at different applied temperatures for a
bias voltage of 0 V. The current values change not only along the barrier but also in
the rest of the device, which implies that Schottky effect is not the only mechanism
involve in the photocurrent generation. The height of the barrier was calculated by
performing line cuts at several applied bias voltages as shown in Figure 12, allowing
us to extract the values for different levels of strain. For the unstrained photodetector,
we obtained a barrier height of ~14 meV while for the strained device the height
slightly decreases with the applied strain value. This reduction of the barrier also
contributes to the increment of the responsivity with the expansive strain.
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Figure 12. (a) Schematic of the band diagram for each case of applied voltage between the
electrodes. (b)-(d) Current linecuts in the single-layer MoS2 photodetector shown in Figure 8(a)
measured with the same laser and applying bias voltages from -50 mV to 50 mV (measurements
changing the bias voltage in 5 mV). Only few of the linecuts are shown for clarity. The electrodes
area is marked with a dark area in the graphs. These linecuts were performed at 25 °C (a), 50 °C (b)
and 70 °C (c). (e)-(g) Current barrier measured in the left electrode at different applied bias voltages.
The grey line corresponds to the fit of the linear part of the data (excluded the data points
corresponding to the noise level). The fit provides an estimation of the Schottky barrier height at
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Consequently, we proved that the MoS; devices can be tuned by the application of
biaxial strain. Thus, an increase in the responsivity and bandwidth is achieved with
the expansive strain although the photodetector response is slower, and the opposite
is found for compressive strain, lower responsivities and smaller bandwidth but
faster response time. This adaptability in the photodetector performance allows us to
modify the device characteristics depending on the light conditions, which would
mimic the human eye adaptability (change from photopic to scotopic vision for
daylight or nightlight respectively).>t We also achieved light detection for bigger
wavelength than the cut-off wavelength of unstrained MoS, photodetectors thanks
to the redshift of the spectrum obtained by expansive strain.

4.8 Response tunability

An important parameter to study, if we aim to use the strain as a tuning knob, is the
speed of the photodetector response to the applied strain. In order to extract this
parameter, the strain in the sample was modulated with the Linkam system at the
maximum temperature increment rate (150 °C/min). The measurements were
performed at a constant bias voltage of 5 V first in dark conditions and, right after,
illuminating with light of 740 nm with a power density of 5 mW/cm?. The data
acquired in dark conditions allowed us to exclude the increase in the dark current
due to the increment of the temperature, so we can calculate the change in the
photocurrent generated in the device. Moreover, we chose this wavelength (740 nm)
because is close to the cut-off wavelength of the unstrained MoS; photodetector,
facilitating the inspection of the photocurrent modification.

In Figure 13(a), we can observe a considerable growth in the photocurrent when the
strain level goes from 0.16% to 0.48%. This growth in the photocurrent occurs when
increasing the strain level because of a combination of a redshift in the photodetector
cut-off wavelength and the increase in the responsivity of the photodetector. Several
cycles of strain were performed, finding a reproducible result in the change of the
photocurrent. The photodetector response speed can be better appreciated in Figure
13(b), showing a value of ~20 s. This speed is currently limited by the thermalization
of the Linkam stage used, which opens the possibility to improvement by utilizing
different heating methods. For example, one solution could be to fabricate
microheaters on the substrate surface in order to improve the heating and
thermalization of the device.
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Figure 13. (a) Response time to strain of a single-layer MoS. photodetector. The OFF state
corresponds to 0.16% of strain and ON state is 0.48% of strain. The cycles are measured at bias
voltage of 5 V and light wavelength of 740 nm with a power density of 5 mW/cm?2. (b) Zoom in the
third strain cycle of the measurements shown in () to allow the calculation of the rise and fall times,
extracted with the 10%-90% criterion.

4.9 Reproducibility

Another important fact that we need to investigate, in order to prove the application
feasibility, is the reproducibility in the redshift produced by strain. One single-layer
MoS; photodetector was fabricated and subjected to 40 cycles of strain. Figure 14
displays the results of the measurements performed in some of the cycles. In this
case, current versus voltage characteristics (the responsivity was calculated for a bias
voltage of 10 V) were measured in dark conditions and then, in light conditions with
and LED of 740 nm illumination wavelength and a power density of 12 mW/cm?.
As in the previous section, the wavelength was chosen for facilitating the
determination of the response change because of its proximity to the cut-off
wavelength of the unstrained MoS; photodetector. We observe the evolution of the
responsivity from very low values (in the noise level of the setup) for no applied
strain to high values when expansive strain is applied to the device, as also displayed
in Figure 14. The reproducibility of the photodetector responsivity is good along the
measured cycles, demonstrating that the shifts produced by the strain do not change
from cycle to cycle.
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Figure 14. Responsivities of a single-layer MoS2 photodetector measured at a bias voltage of 10 V
and illuminating with light wavelength of 740 nm and a power density of 12 mW/cm?. The strain
cycles shown are the cycle 5, 20, 30 and 40.

4.10 Conclusions

As it was explained in other Chapters, the MoS; bandgap changes by applying strain,
which allowed us to introduce in this Chapter the adjustment in the bandwidth of
single-layer MoS; photodetectors. This mechanism is reversible, given that the strain
is introduced in the sample through the control of the substrate temperature.
Moreover, we are applying biaxial strain with this technique because the
expansion/compression of the substrate is isotropic in the plane. When biaxial strain
is applied, the MoS; photodetectors show a shift in the A and B exciton energies to
lower energies for expansive strain and to higher energies for compressive strain,
which is in good agreement with the previous spectroscopic experiments. So, the
results obtained in the experiments show a strain gauge factor for the cut-off
wavelength of ~58 nm/% (~135 meV/%) while the gauge factor for the A exciton is
~31 nm/% (~94 meV/%).

Furthermore, we report other changes that the strain introduces in the photodetector
response. The photodetector has faster response time and low responsivity
(photoconductive mechanism) for compressive strain and it has slow response time
and high responsivity (photogating mechanism) for expansive strain. These different
behaviours of the same photodetector for different strain values demonstrate that
straintronics can be used to modify photonic devices. Thus, one example would be
the change in the photodetector regime depending on the light conditions
(photoconductive for bright light conditions and photogating for low light
conditions), similarly to the human eye adaptation (photopic vision for bright light
conditions and scotopic vision for low light conditions).
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We have shown the great possibilities that 2D materials opens in the straintronic
field. Opposite to 3D materials, strain can be easily applied in 2D materials in many
ways without damaging them in a large scale of induced strain. Moreover, the
modification of the physical properties in 2D materials by applying strain is bigger
than in 3D materials thanks to their reduced thickness and the strong atomic
interaction. We show the change produced in the photodetector response under strain
modifications, proving the possibility of using straintronics as a tuning knob in
devices.
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General conclusions

Here, we conclude summarizing the achievements of this thesis. The main goal of
this thesis was the fabrication of a straintronic proof-of-concept device. In the
Introduction, the reasons that led us to set this purpose are explained, while giving
certain background about the electronics situation: the electronics scalability is
threatened by several issues. The researchers are studying different approaches to
solve the problems, among which we decided to explore the possibility of creating
electronic components with extra tuning knobs. This approach will allow to increase
the number of functionalities of each electronic component by expanding the amount
of responses. There are different properties of the semiconductor material used in the
components that can be used as tuning knob, so we chose the strain.

The application of strain in a material introduces changes in the physical
characteristics of the material, which allowed us to control the response of the
material. In order to obtain a big change in the material response, we use a 2D
material as our semiconductor in the devices because of the convenience of applying
strain in these materials and the possibility of reaching high levels of strain. MoS; is
the chosen material because of the easy fabrication processes and all the information
available about this material. Likewise, this material optical properties are very
sensitive to the strain, which make it a good candidate for a straintronic
photodetector.

In Chapter 2 | showed the main optical techniques used along this thesis. First, the
well-known Raman and photoluminescence spectroscopies are explained,
emphasizing their importance for the characterization of TMDCs. Then, the micro-
reflectance and transmittance spectroscopies are presented. These methods are
characteristics for 2D materials and were developed in our lab. In the case of
TMDCs, the micro-reflectance and transmittance allow us to determine the thickness
of the material besides providing information about the spectral characteristics. The
last technique is used for the determination of the thickness of TMDCs with a fast
method, that can be easily modified for its application to other 2D materials. All
these techniques show the optical modification of the MoS, spectrum under strain,
which is critical for the achievement of MoS; straintronic photodetector.
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The fabrication and testing of electronic devices made of 2D materials are slightly
different from the methods usually used in the electronic industry. The fabrication
process usually requires from a transfer step, in which the 2D material is deposited
on a substrate, and the production of electrodes that contact the 2D material for
performing electrical measurements. Once the 2D material is contacted by metallic
electrodes, there are several techniques for measuring the device which are also
introduce in Chapter 3. The MoS; straintronics photodetectors used for the
experiments were fabricated on polycarbonate substrate with metallic electrodes
made by evaporation through shadow mask. The MoS; flakes were deposited
between the electrodes by an all-dry deterministic transfer method. Finally, the
devices were electrically contacted by different probe stations, depending on the
experiment needs.

The last Chapter show all the experiments which prove the operation of a straintronic
device. The MoS; photodetectors present a shift in the spectral response depending
on the strain applied to the device. Moreover, the responsivity and the response time
to the light of the photodetectors are modified by the application of strain. This
behaviour is expected from a straintronic device, a change in the response introduced
by the modification of the strain applied. In order to test the reliability of this type of
device for the real world, we also obtained the response time to the strain and the
reproducibility of the measurements in the devices. The response time to the strain
was around 20 s and the data are quite reproducible. These results are very promising
for the implementation of this new concept devices because there are room for
improvements and optimization in the experiments and designs, these are just
preliminary data from proof-of-concept devices.

This thesis achieved the main goal of creating a functional straintronic device. Our
hope is that the experimental data provided here will boost the interest in this
research field. Straintronics with 2D materials can be a powerful tool for improving
the performance of electronic devices, but it requires from further theoretical and
experimental studies. We show a simple concept for implementing straintronics in a
device, which it is just the first stone for paving the path of the 2D materials
straintronics research.
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